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Abstract 
Natural fibers nowadays play a very important role in the composites industry due to 
their several attractive characteristics especially energy saving potential which 
addresses the most vital industrial problem. Hence, this increasing demand of natural 
fiber thermoplastic composites in the market requires a technique to be established 
for handling the waste products out of these composites. The limitation of literature 
regarding the effect of recycling these for composites is the motivation for this work.  
This research focuses on recycling pre-consumer polypropylene compounds 
reinforced with sisal and hemp fibers up to five cycles. These two fibers are selected 
because they cover two main types of natural fibers: straight leaf fibers for sisal and 
branched bast fibers for hemp. Knowledge gained from these two types serves as a 
basis which could be implemented in future on other fibers from the same type. 
Natural fibers – being natural products – unlike synthetic fibers, offer unusual scatter 
of values, which in turn leads to the difficulty of assessing the effect of several 
reprocessing cycles on the compound. To be able to set a good foundation for this 
research, a thorough investigation on sisal and hemp fibers in both dry and 
compounded (with polypropylene) states is performed in the first section of this 
research followed by recycling of sisal and hemp compounds. A thorough 
investigation for determining the evolution of fiber shape and morphology is 
conducted on extracted fibers at selected cycles using dynamic image analysis in 
addition to FESEM and digital microscopy. Followed by rheological, flowability and 
thermal tests, the effect of number of cycles on the resulting properties could be 
analyzed based on the understanding of fibers morphology. Finally, mechanical tests 
are performed to assess the change in the compounds’ properties after recycling 
regarding the gained knowledge from the previous analysis.  
Understanding the difference in nature and consequently the difference in behavior 
between sisal and hemp fibers in the polypropylene melt gives an insight into 
comprehending the rheological and mechanical behavior of the compounds under 
study. Sisal with its straight and stiff fibers is less likely to agglomerate and build fiber 
clusters and is homogeneously distributed in the PP matrix. On the contrary, hemp 
fibers which are thin, branched and flexible tend to tangle up and build 
agglomerations of fiber clusters which hinder the homogenous distribution of the 
fibers in the matrix PP. This behavior affects the development of the viscosity along 
recycling cycles where sisal compound proves higher viscosity than hemp compound 
in the first cycles. Afterwards, due to recycling, hemp agglomerations disentangle and 
hemp fibers are shortened and distributed homogenously in the PP matrix causing 
increase in the overall compound viscosity. Flowability values show a three-stage 
behavior where compounds start at relatively low values (long sisal fibers / 
agglomerated hemp fibers). After the first and second cycles, a step in the flowability 
values could be observed for both hemp and sisal compounds due to shortening of 
sisal and hemp fibers which cause the de-agglomeration of fiber clusters. 
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Starting the third cycle after fibers have reached the shortest length and could no 
longer be affected by the screw action of the injection molding machine, flowability 
values reach a relatively stable plateau. 
Evolution of fiber shape as a function of recycling cycles proves to influence the 
mechanical properties in a remarkable course where mechanical properties improve 
for certain number of cycles before they start to degrade. This certain number of 
cycles depends on the measured property (E-modulus, strength, impact strength and 
elongation) 
Recycling of sisal and hemp compounds proves no critical degradation of thermal 
properties where hemp compound shows less sensitivity to recycling than sisal 
compound. On the other hand, melting points increased after recycling 3 cycles 
before they started to decrease again.  
In addition to influencing rheological, thermal and mechanical properties, this 
research shows that fiber shape also influences the degree of crystallinity of the 
compounds where compounds at late cycles prove higher degree of crystallinity than 
original compounds. This also reflects on thermomechanical properties where an 
improvement of the storage modulus is detected as a result to the restriction of 
segmental motion of the molecular chains. This statement is confirmed by the higher 
measured glass transition temperature of the recycled samples. Modulus of retention 
ratio is calculated where sisal compound proves a higher efficiency in reinforcing the 
composite after structural transitions.  
Based on the previous comprehension of the effect of recycling on the characteristics 
of sisal and hemp compounds enlightened by the special effect of fiber shape, an 
analytical model is developed to describe the flowability in terms of cycle number for 
hemp and sisal compounds. The model describes the three assumed stages using 
two power equations where conditions are set for applying the equations according to 
the fiber type. Similarly, non-linear functions of symmetrical sigmoidal type (4 PL) are 
assumed to correlate between fiber aspect ratio and selected mechanical properties 
such as E-modulus and tensile strength. 
Keywords: Recycling, Natural fiber, Polypropylene, Structure, Mechanical 
properties.
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Kurzfassung 
Naturfasern spielen aufgrund ihrer zahlreichen attraktiven Eigenschaften, 
insbesondere des Energieeinsparpotentials, heutzutage eine sehr wichtige Rolle in 
der Verbundwerkstoffindustrie. Die zunehmende Nachfrage nach Naturfaser-
Thermoplast-Verbundwerkstoffen auf dem Markt erfordert eine Technik für die 
Wiederverwertung der Abfallprodukte aus diesen Verbundwerkstoffen. Der Mangel 
an genügend Literatur über die Wirkung des Recyclings dieser Verbundwerkstoffe ist 
die Motivation für diese Arbeit. Diese Forschungsarbeit konzentriert sich auf das 
Recycling von „Pre Consumer“-Polypropylen-Verbunden, die mit Sisal- und 
Hanffasern verstärkt sind. Diese beiden Fasern wurden ausgewählt, weil sie 
exemplarisch zwei Haupttypen von Naturfasern abdecken: Sisal weist gerade 
Blattfasern auf und Hanf verzweigte Bastfasern. Die aus diesen beiden Typen zu 
gewinnenden Kenntnisse sollen in Zukunft auf andere Fasern des gleichen Typs 
angewandt werden können. Für diese Arbeit wurden die Sisal- und Hanfverbunde in 
fünf Recycling-Vorgängen verarbeitet. Naturfasern stellen im Gegensatz zu 
synthetischen Fasern keine stabile Qualität dar. Das führt zu der Schwierigkeit, die 
Wirkung mehrerer Aufbereitungszyklen auf die Verbundmaterial-Eigenschaften zu 
beurteilen. Um eine gute Grundlage für diese Forschung zu schaffen, wird im ersten 
Teil dieser Forschung eine gründliche Untersuchung über Sisal- und Hanffasern im 
ursprünglichen Zustand als auch im Verbund mit Polypropylen durchgeführt. Die 
Verbundwerkstoffe werden durch mechanische, rheologische, fließfähigkeits- und 
thermische Prüfungen geprüft. Eine umfassende Untersuchung der Evolution von 
Faserform und Morphologie wird an extrahierten Fasern in ausgewählten Zyklen 
mittels dynamischer Bildanalyse, FESEM und Digitalmikroskopie durchgeführt. Das 
Verständnis des Unterschiedes in Natur und Verhalten zwischen Sisal- und 
Hanffasern in der Polypropylenschmelze bildet die Grundlage für das Verständnis der 
unterschiedlichen rheologischen und mechanischen Verhaltensweisen der zu 
untersuchenden Verbunde. Sisal mit seinen geraden und steifen Fasern zeigt eine 
geringere Wahrscheinlichkeit, Agglomerate und Fasercluster zu bilden und ist 
homogener in der PP-Matrix verteilt. Hanffasern sind im Gegensatz dazu dünn, 
verzweigt und flexibel und weisen einer höheren Wahrscheinlichkeit auf, 
Agglomerate und Fasercluster zu bilden, die die homogene Verteilung der Fasern in 
der PP-Matrix behindern. Dieses Verhalten beeinflusst die Entwicklung der Viskosität 
entlang von Recycling-Zyklen. Das Hanf-Compound zeigt in den ersten Zyklen eine 
geringere Viskosität als das Sisal-Compound. Danach lösen sich Hanf-Agglomerate 
auf, da sich die Hanffasern durch die Scherbeanspruchung im Recycling-Prozess 
verkürzen und sich homogener in der PP-Matrix verteilen. Dies führt zu einer 
Erhöhung der Gesamtviskosität der Hanf-Compound-Schmelze.  
Es stellt sich heraus, dass die Fließwerte ein dreistufiges Verhaltensmuster 
aufweisen. In der ersten Stufe, die den ersten und zweiten Zyklus umfasst, kann ein 
Sprung in den Fließfähigkeitswerten sowohl für Hanf- als auch für Sisal-Compounds 
beobachtet werden. Das liegt an der Faserverkürzung im Recycling-Prozess. Die 
zweite Stufe beginnt mit dem dritten Zyklus. Die Fasern beider Compounds 
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verkürzen sich weiter und verteilen sich noch homogener in der PP-Matrix. Dadurch 
verbessert sich das Fließverhalten stetig. Nachdem die Fasern die kürzeste Länge 
erreicht haben und nicht mehr durch die Schneckenwirkung der Spritzgussmaschine 
beeinflusst werden, erreichen die Fließfähigkeitswerte ein relativ stabiles Plateau 
(dritte Stufe). 
Die Evolution der Faserform und -länge in den Recyclingzyklen beeinflusst die 
mechanischen Eigenschaften (E-Modul, Festigkeit, Schlagzähigkeit und Dehnung):   
für eine gewisse Anzahl von Zyklen nehmen die jeweiligen Werte zu, bevor sie 
wieder abnehmen. Neben der Beeinflussung der rheologischen, thermischen und 
mechanischen Eigenschaften zeigt diese Untersuchung, dass die Faserform auch 
den Kristallinitätsgrad der Verbindungen beeinflusst: Compounds in späten Zyklen 
weisen einen höheren Kristallinitätsgrad auf als die ursprünglichen Compounds. Dies 
wird auch durch die thermomechanischen Eigenschaften bestätigt. Durch die 
Beschränkung der Segmentbewegung der Molekülketten verbessert sich das 
Speichermodul. Dies wird durch den höher gemessenen Glasübergang der 
recycelten Proben bestätigt. Die Sisalfasern weisen nach dem Strukturübergang eine 
höhere Effizienz bei der Verstärkung des Verbundstoffs auf.  
Basierend auf dem bisherigen Verständnis der Wirkung des Recyclings auf die 
Eigenschaften von Sisal- und Hanf-Compounds wurde ein analytisches Modell 
entwickelt, um die Fließfähigkeit in Bezug auf die Zykluszahl für Hanf- und 
Sisalverbindungen zu beschreiben. Das Modell beschreibt die drei angenommenen 
Stufen unter Verwendung von zwei Leistungsgleichungen. Die Bedingungen für die 
Anwendung der Gleichungen werden nach dem Fasertyp ausgewählt. Für die 
ausgewählten mechanischen Eigenschaften (E-Modul und Zugfestigkeit) wird in 
ähnlicher Weise angenommen, dass nichtlineare Funktionen des symmetrischen 
sigmoideum Typs (4 PL) zwischen dem Faser-Seitenverhältnis und den 
ausgewählten mechanischen Eigenschaften korrelieren.    
Die Forschungsarbeit zeigt das Recyclings-Potenzial von Sisal-  und Hanf-
Compounds und entwickelt ein Modell, mit dem die Veränderungen der Compounds-
Eigenschaften beschrieben werden können.
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Summary 
This dissertation consists of seven chapters. The first chapter explains the motivation 
of this work with a short introduction about the recycling topic. It includes definition, 
classification and important European regulations related to recycling. The research 
in natural fiber thermoplastic composites is relatively new. This new category of 
materials will encounter in the near future the problem of recycling and waste 
management. The motivation of this work in then justified. Scope of work is limited to 
the pre-consumer products to focus on the effect of multi-processing cycles. 
Second chapter discusses the state of the art. This includes a brief presentation of 
some statistical facts about recycling industry in the world and Europe in specific. The 
recycling methods are then discussed. Mechanical, chemical, biological and at last 
incineration technologies are presented as different recycling approaches which 
target different levels of recycled materials namely pre-consumer and post-consumer 
products (pure and contaminated products). A more complex recycling is the 
recycling of fiber reinforced composites where more than one material is involved. 
Fibers are either stable synthetic ones like glass fibers or less thermal resistant like 
natural fibers. Finally, a literature survey is carried out to study the effect of recycling 
on the thermoplastic matrix, the fibers, the thermal characteristics and mechanical 
properties of the recycled composites. 
Third chapter describes the research strategy of this work and the applied methodical 
approach to study the effect of recycling on the rheological, thermal properties and 
morphology of the NFTC (PP Thermoplastic, natural fibers of hemp and sisal) and 
relate them to the evolution in the mechanical properties. Afterwards all performed 
characterization tests, namely mechanical, rheological, flowability, fiber extraction 
and measurement, microscopy and dynamic image analysis, thermal gravimetric 
analysis, differential scanning calorimetry and dynamic mechanical analysis are 
explained. 
A full understanding of the compounds and the reinforcing fibers is developed in 
chapter four where the results of the systematic characterization tests are discussed 
in terms of rheological, thermal and mechanical properties of the virgin compounds in 
addition to fibers’ morphology.  
The influence of recycling on the behavior of sisal and hemp compounds is discussed 
in the fifth chapter based on the knowledge foundation developed in chapter four. 
Resulting compounds’ rheological, mechanical and thermal properties are discussed 
based on the change in the fibers morphology after recycling. Further processing of 
the measured data is performed to calculate the activation energy required to 
transform from glassy to rubbery state. Also, the modulus of retention and its 
modification are calculated to assess the reinforcing efficiency of the fibers 
introduced into polypropylene.  
In the sixth chapter, the mathematical modeling and simulation are presented based 
on the gained knowledge from the previous chapters. An analytical model is 
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developed to describe the flowability in terms of fiber dimensions and cycle number. 
For modeling mechanical properties such as tensile strength and E-modulus, fiber 
aspect ratio is considered.  
Seventh and last chapter deduces the potential of recycling natural fibers through 
summarizing the main conclusions of this work. Effect of recycling on the 
morphological, rheological, flowability and thermal properties of the composites and 
their relation to the development of mechanical properties during recycling are 
correlated together to explain the special attractiveness of recycling natural fibers. 
Finally, a brief description of the future work is discussed based on the findings from 
this thesis and from the literature survey. 
  
 
IX 
List of Symbols 
(hls)  fiber length efficiency term  
 lc  the critical fiber length  [mm]
vf fiber volume fraction 
  W0  weight of dry fiber 
 
[mg]
Wi   weight of fibers at measuring time  [mg] 
Tg glass transition temperature [°C] 
Tc crystallisation temperature  [°C] 
Tm melt temperature  
 
[°C] 
Tc crystalliztion temperature [°C] 
Tbp boiling temperature 
 
[°C] 
∆Hc crystallisation enthalpy [J/g] 
∆Hm melting enthalpy 
 
[J/g] 
x crystallinity index  
 
[°C] 
     E Youngs modulus 
 
[Mpa]
‘s’ strength 
  
[Mpa] 
e elongation 
  
[%] 
h viscosity 
  
[Pa.s] 
sf  fiber strength 
 
[MPa] 
d  fiber diameter 
 
[mm] 
t interfacial shear strength Mpa 
c composite 
   m matrix 
   f fiber 
   o orientation 
   Tan d Damping factor 
  E' Storage modulus 
 
Gpa
E'' Loss modulus 
 
Gpa 
f frequency 
  
Hz 
Eact Activation energy 
  R Gas constant 
 
j/mol.K
E'g Storage modulus in glassy region 
 E'r Storage modulus in rubbery region 
 Vs separation speed 
  Dr difference between densities 
 h fluid kinematic viscosity 
 
Amna Ramzy Recycling Aspects of Natural Fiber Polypropylene Composites 
 
X 
R radius of particles in fluid 
 Cd drag coefficient 
  hl head loss due to friction  
 D mould pipe diameter 
  F Spiral length 
  µ Coefficient of friction 
  P Pressure 
  
Bar
ρ Density 
  
kg/m3 
g gravitational constant 
 
m/s² 
Vf Flow velocity 
  Vs separation Velocity 
  E'  Storage Modulus 
  E''  Loss modulus 
   
  
 
XI 
List of Abbreviations 
PP Polypropelyne 
PE Polyethylene 
PLA Poly Lactic acid 
PCL Polycaprolactone 
PBS  polybutylebe succinate 
PU  Polyurethane 
PES Polyethersulfone 
PHB polyhydroxybutyrate 
AcC Acetyl cellulose  
PET Polyethylenetetraphthalate 
PC  Polycarbonate 
PBT Polybutylene terephthalate 
FRP Fiber reinforced plastics 
NFTC Natural fibers thermoplastic composites 
TGA thermal gravimetric analysis 
DSC differential scanning calorimetry  
DMA dynamic mechanical analysis  
AR aspect ratio 
GHG greenhouse gases  
MMR Monitoring Mechanism Regulation 
3R Reduce, Reuse and Recycle 
NFC natural fibers composites 
WPC wood plastic composite 
Mw Molecular weight 
MWD molecular weightr distribution 
Mn number average molecular weight 
MA-g-PP Maleic anhydride grafted polypropylene  
PP-H polypropylene compound with 30% hemp 
PP-S polypropylene compound with 30% sisal 
FTIR fourier transformation infrared sprectroscopy 
MRR Modulus of Retention Ratio 
MMRR Modulus of Retention Ratio 
MFR Melt Flow Rate 
 
  
Amna Ramzy Recycling Aspects of Natural Fiber Polypropylene Composites 
 
XII 
 
  
 
XIII 
Table of contents 
Acknowledgments ..................................................................................................... I 
Abstract .................................................................................................................... III 
Kurzfassung .............................................................................................................. V 
Summary ................................................................................................................. VII 
List of Symbols ........................................................................................................ IX 
List of Abbreviations ............................................................................................... XI 
Table of contents ................................................................................................... XIII 
1 Introduction and Motivation ............................................................................. 1 
1.1 Introduction ................................................................................................... 1 
1.1.1 Potential of natural fibers as reinforcing fibers ...................................... 1 
1.1.2 Challenges facing the Recycling of NFTC ............................................. 1 
1.2 Motivation ..................................................................................................... 4 
1.3 Methodical approach .................................................................................... 5 
2 State of the art ................................................................................................... 7 
2.1 Recycling of polymers .................................................................................. 7 
2.2 Recycling methods ....................................................................................... 8 
2.2.1 Mechanical recycling ............................................................................. 8 
2.2.2 Chemical recycling ................................................................................ 9 
2.2.3 Biological recycling (Degradation) ....................................................... 10 
2.2.4 Incineration .......................................................................................... 11 
2.3 Recycling of fiber reinforced thermoplastics ............................................... 11 
2.4 Effect of recycling on composite constituents and properties ..................... 14 
2.4.1 Impact on thermoplastic matrix ........................................................... 14 
2.4.2 Impact on fibers ................................................................................... 16 
2.4.3 Impact on thermal properties ............................................................... 20 
2.4.4 Impact on mechanical properties ........................................................ 20 
2.5 Conclusion .................................................................................................. 23 
3 Research Strategy ........................................................................................... 25 
3.1 Materials and Methods ............................................................................... 26 
3.1.1 Thermoplastics .................................................................................... 26 
3.1.2 Natural fibers ....................................................................................... 26 
3.1.3 Coupling agent .................................................................................... 27 
3.2 NFTC preparation ....................................................................................... 28 
Amna Ramzy Recycling Aspects of Natural Fiber Polypropylene Composites 
 
XIV 
3.3 Recycling ..................................................................................................... 28 
3.4 Characterization Techniques ....................................................................... 29 
3.4.1 Flow Length ......................................................................................... 29 
3.4.2 Viscosity measurements ...................................................................... 30 
3.4.3 Extraction of natural fibers from the composites .................................. 31 
3.4.4 Measurement of fiber size .................................................................... 32 
3.4.5 High pressure capillary rheometer ....................................................... 33 
3.4.6 Moisture Absorption of Sisal and Hemp Fibers .................................... 34 
3.4.7 Thermal gravimetric analysis TGA ....................................................... 34 
3.4.8 Thermal gravimetric analysis with mass spectrometry TG-MS ............ 34 
3.4.9 Thermal gravimetric analysis with Fourier Transformation Infrared 
spectrometer TG-FTIR ....................................................................................... 34 
3.4.10 Differential Scanning Calorimetry DSC ................................................ 34 
3.4.11 Dynamic Mechanical Analysis DMA ..................................................... 35 
3.4.12 Fiber orientation by digital microscope ................................................. 36 
3.4.13 Observation of crystal formation .......................................................... 37 
3.4.14 Mechanical Testing .............................................................................. 38 
4 Characteristics of Sisal and Hemp Compounds ............................................ 39 
4.1 Thermal Properties of Sisal and Hemp Fibers ............................................. 39 
4.2 Thermal Properties of Sisal and Hemp Compounds ................................... 42 
4.2.1 Compounds thermal decomposition behavior ...................................... 42 
4.2.2 Compounds enthalpy changes ............................................................. 44 
4.2.3 Compounds thermal conductivity and heat capacity ............................ 47 
4.3 Morphological Properties of Hemp and Sisal fibers ..................................... 48 
4.4 Moisture Absorption of Sisal and Hemp Fibers ........................................... 50 
4.5 Rheological Properties of Sisal and Hemp Compounds .............................. 52 
4.5.1 Viscosity of Sisal and Hemp Compounds ............................................ 53 
4.5.2 Flowability of Sisal and Hemp Compounds .......................................... 54 
4.6 Conclusion .................................................................................................. 57 
5 Effect of Recycling on Characteristics of Sisal and Hemp Compounds ..... 59 
5.1 Effect of recycling on fibers’ morphology and polymer structure ................. 60 
5.1.1 Fiber size ............................................................................................. 60 
5.1.2 Fiber aspect ratio ................................................................................. 64 
5.1.3 Fibers distribution ................................................................................. 66 
Amna Ramzy Recycling Aspects of Natural Fiber Polypropylene Composites 
 
XV 
5.2 Effect of recycling on rheological behavior of sisal and hemp compounds . 70 
5.2.1 Flowability ........................................................................................... 70 
5.2.2 Viscosity .............................................................................................. 74 
5.2.3 Analysis of flowability versus viscosity measurements ........................ 79 
5.3 Effect of recycling on the thermal behavior characteristics ......................... 80 
5.3.1 Thermal gravimetric analysis ............................................................... 80 
5.3.2 Differential scanning calorimetry ......................................................... 84 
5.3.3 Dynamic mechanical analysis ............................................................. 92 
5.4 Effect of recycling on the mechanical properties of sisal and hemp 
compounds.......................................................................................................... 104 
5.5 Conclusion ................................................................................................ 107 
6 Mathematical Modeling and Simulation ...................................................... 110 
6.1 Correlation between fiber dimensions, recycling and flowability ............... 110 
6.2 Correlation between fiber dimensions and mechanical properties ................ 117 
6.3  Conclusion ................................................................................................ 118 
7 Conclusions and Future Work ...................................................................... 120 
7.1 Characterization of original compounds ................................................... 120 
7.2 Potential of recycled NFTC ....................................................................... 120 
7.2.1 Mechanical properties ....................................................................... 120 
7.2.2 Flowability properties ......................................................................... 121 
7.2.3 Rheological properties ....................................................................... 121 
7.2.4 Thermal properties ............................................................................ 121 
7.2.5 Fiber size measurement .................................................................... 123 
7.3 Summary .................................................................................................. 123 
7.4 Future work .............................................................................................. 124 
Literature ............................................................................................................... 126 
Appendix ............................................................................................................... 134 
Publications .......................................................................................................... 144 
Curriculum Vitae ................................................................................................... 146 
  
 
1 
1 Introduction and Motivation 
1.1 Introduction 
1.1.1 Potential of natural fibers as reinforcing fibers 
Plastics and polymer composite industry have gained a critical reputation regarding 
the environmental issues for being responsible of environmental problems such as 
the climate change, energy resources scarcity and the increasing hazardous 
contaminated landfills which are saturated with degradation remnants or even toxic 
gases. As an effective and practical approach to reduce the negative impact of 
polymer compounds, the introduction of natural fibers as reinforcements in 
engineering and industrial products is considered the most reasonable and 
economical environmental friendly option. Natural fibers are well known for their 
technical applications over centuries in various forms from complicated structures like 
ships and boats and war instruments from catapults to simple constructions like arcs 
and finally simple applications like flags and sails [Men92].  
For modern industrial applications, natural fibers are considered very important 
candidate for their attractive characteristics such as economical price, low density, 
and lower abrasion in addition to their very high energy saving potential [Cic10]. 
Natural fibers require 300 times less energy to be produced than synthetic fibers. On 
the other hand, the inconsistency of their mechanical properties due to the variations 
in the length and diameter of the fibers makes it very difficult to predict the resulting 
mechanical properties of the compounds. This is considered the main technical 
drawback of the natural fibers.  
Despite of this, natural fibers are widely implemented in several industrial sectors 
such as automotive and construction. Generally, the most applicable types of natural 
fibers for industrial purposes in the market are the bast (e.g., flax, hemp, kenaf…etc.) 
and leaf (e.g., sisal, abaca…etc.) fibers. However, the incomplete characterization of 
the rheological behavior of such composites hinders their marketing and further 
applications. [Ram14a] 
1.1.2 Challenges facing the Recycling of NFTC 
Despite the questions raised about the feasibility of implementation of NFTC in 
modern applications, their market keeps growing exponentially. This is attributed to 
their high recycling potential which abides with the governmental, regional and world 
legislations. The recycling of materials used in industrial applications / products is a 
very vital topic at the time being. The urgency of many current environmental 
problems such as increased emission of CO2, the Ozone depletion and the 
continuous demolishing of rainforests, led to the growing attention towards recycling. 
The term “Recycling” implies the conversion of waste materials into new products 
with reproducible properties to avoid loss of useful material, reduce the energy 
consumption, lower the greenhouse gas emissions and decrease the air, water and 
land pollution. Although the global objective is to 100% recycle the plastics’ wastes, 
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the fact is that the wastes are not all recyclable. The post treatment of the plastic 
wastes is divided into recycling, energy recovery and land filling. Figure ‎1-1 describes 
the waste post treatment shares in the European countries [Pla15a]. 
The materials subjected to recycling are classified either to internal (pre-consumer) or 
external (post-consumer) sources of scraps. Internal scrap means internal rejected 
materials in the production sites due to any deviations. However, the composition of 
the material is under control. Whereas the external scrap materials are either 
controlled material of end-of-life products like computer cases or collections of 
materials from various sources with un-controlled composition. 
 
Figure ‎1-1: Treatment of post-consumer plastics waste in the EU27+Norway and Switzerland 
Recycling is a key component of modern waste reduction and is the third component 
of the 3R "Reduce, Reuse and Recycle" waste hierarchy in order to get the maximum 
practical benefits from the material starting by the decrease in the consumption 
amount. Otherwise, when the material is not anymore recyclable, it is either 
incinerated for energy recovery or safe disposed according to the European directive 
2008/98/EC [The08]. The 3R is the basis of the actual waste management system 
explained in [Wor14] and simplified in Figure ‎1-2. The Waste disposal raised another 
problem which is the limitation of landfills, usually needed for non-recyclable items 
like hybrid materials for example [Men92]. Therefore, the legislations [The13] 
concerning the monitoring and reporting greenhouse gases (GHG), provide a new 
Monitoring Mechanism Regulation to make the whole disposal and incineration 
process more expensive. This new regulation aims to stabilize atmospheric 
concentrations of GHG and consequently prevent dangerous climate changes. 
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Figure ‎1-2:  Waste management chain according to [Wor14] 
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1.2 Motivation 
In the modern industry and especially automotive industry in Europe, natural fibers 
are playing an increasingly important role in the production of passengers’ cars. As 
reported in [Dam13], in 2011 each European car contained at least 1.9 kg of natural 
fibers whereas in Germany due to the high environmentally awareness the natural 
fibers content reached up to 3.5 kg per car. Nowadays, for example the Mercedes-
Benz A and B classes contain an average of 33 kg of natural and wood fibers 
composites in 26 different parts of the car. This shows the tremendously increasing 
implementation of natural fibers as quality environmental friendly engineering fibers. 
This huge amount of NFTC is expected to come back as end-of-life products in the 
near future.  
Despite of that, recycling of natural fibers composites hasn’t attracted much attention 
from researchers till the current time. Meanwhile, many investigations are carried out 
on recycling other synthetic fibers specially carbon fibers due to its high 
manufacturing costs and its industrial importance. The main concerns regarding the 
recycled materials are generally the drop in the mechanical properties and the 
unpredicted physical characteristics. These drawbacks of recycling are attributed to 
the different recycling methods as well as the inconsistency in the properties of the 
recycled materials. 
Since the research in the field of NFTC is relatively new, to simplify the problem and 
to avoid the effect of the material variation spectrum, this work focuses only on 
internal injection molded materials. Thermoplastic commodity plastic namely 
polypropylene (PP) is the thermoplastic of interest. This is attributed to the fact that 
PP represents the main injection-molded thermoplastic of the 15000 tons production 
of NFTC in Europe [Dam13]. 
The aim of this research is to explore the effect of recycling natural fibers 
thermoplastic composites (NFTC) on the evolution of fibers morphology which in turn 
affects the viscosity and flowability to develop an understanding to the resulting 
mechanical and physical properties after recycling. The considered factors in this 
research work are: number of the reprocessing cycles, fiber type, fiber form and 
shape. 
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1.3 Methodical approach 
As previously discussed, the 3R policy approach is the modern market trend to face 
the increasing environmental problems, this work focuses on one aspect of this 
approach namely the recycling of natural fibers which is not thoroughly investigated 
till now. Figure 1-3 illustrates the classification of this research in the 3R policy.  
 
 
Figure 1-3: Classification of the presented work in the 3R chain policy 
Compounds in this research are investigated for: 
 Morphological properties 
 Rheological Properties 
 Mechanical properties 
 Thermal Properties 
A thorough analysis is carried out to determine the potential of the compounds for 
recycling.   
Findings from this research are presented in a methodical way so that it would be 
possible to be transferred to other recycling cases and provide the required 
fundamentals and thus the best utilization of the research work could be achieved.  
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2 State of the art 
2.1 Recycling of polymers 
The term “Recycling” denotes to the process of waste minimization in which the 
produced or consumed materials are re-oriented from the waste stream track to the 
original track or to a different use. Recycling of polymers depends on different factors 
[Hop09] namely the type of the polymer (thermoplastic, thermosetting, fiber, 
adhesive, coatings), the application type (electrical, vehicle, construction), the 
quantity of the polymers to be recycled, the degree of its contamination and the 
available technologies for recycling. 
The global production of plastics in the world and Europe is shown in Figure ‎2-1. The 
production of plastics is more than 300 million tons and the European share is almost 
20% with 58 million tons. The topic of recycling is more developed in the European 
countries. However, the recycling activities are not alike among all European 
countries; Germany and Scandinavian countries show more interest in plastics’ 
sorting more than other countries. 
The amount of plastics reported to undergo recycling processes is less than 45%. 
Recycling in Europe lies in the 25.1-million-ton level according to 2011 statistics with 
an increasing trend of 2.4 % per year in average. As seen in Figure ‎2-2, 10.3 million 
tons are completely disposed while the others can be recovered [Pla12]. The land 
filling disposed plastics are decreasing because of the efforts done in increasing the 
recovered share. The recovered plastics are the sum of the recycling and the energy 
recovery. 
 
Figure ‎2-1:  Global and Europe production of plastics till 2014 [Pla15b] 
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Figure ‎2-2:  Total plastics waste recycling and recovery 2006 – 2011 [Pla12] 
According to the data mentioned in the reviews of [Pla10] and [Ign14], the collected 
material for recycling consists of almost 70% packaging products. They are mainly 
thermoplastics (> 90%), which in turn constitute of 55% polyolefins such as 
polypropylene (PP) and polyethylene (PE). 
2.2 Recycling methods 
The selection of the recycling method depends on: 
Matrix type of the composite: whether it is thermoset or thermoplastic. Remolding of 
thermoset-matrix is not possible. Therefore, if not recovered by solvolysis or 
pyrolysis, they are usually mechanically recycled by grinding and milling to produce 
cheap fillers. 
 Purity of the polymer matrix in the composite: whether it is reinforced with 
fillers or not, or whether the recycling pool is a mixture of different types of 
polymers. 
The following section describes briefly the up-to-date of current techniques for 
recycling: 
2.2.1 Mechanical recycling 
It is meant by mechanical recycling to grind the material using one of the mechanical 
processes like milling, crushing or shredding. Mechanical recycling of thermoplastic 
polymers results in outputs which undergo subsequent hot molding or shear 
processing like injection molding or extrusion. Mechanical techniques are entirely 
classified according to the expected level of polymer contamination or the product life 
stage (before or after consumption). 
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 Primary mechanical recycling is limited to the uncontaminated thermoplastic 
products which are produced by the manufacturer himself. The reuse of these 
products does not require preparatory steps like separation or purification  
[Al-10a], [Bai11]. Thermal stability is essential for the recycled polymers 
candidates for primary mechanical recycling. Therefore, PVC, PET and 
polyolefins like PP and PE are the most popular thermoplastics for this 
recycling method. 
 Secondary mechanical recycling is expanded to cover the consumed 
products (out of the manufacturer premises) such as packages, plastic bags 
and detergent containers. Here the secondary recycling requires an additional 
purification step. After the mechanical step, solvents like toluene and 
petroleum ether [Had12] are implemented to dissolve the polymer and re-
precipitate it again. This prerequisite process of purification can lead to chain 
scissions, lower molecular weight and hence a reduction in mechanical 
properties. However, this is not the main reason of polymer degradation. The 
efficiency of the purifying process defines the level of contamination in the 
main polymer by another one (i.e. PET in PVC). Thus results in reduced 
mechanical properties, change in odor and color of the recycled material 
[Hop09]. Some additives are proposed to maintain the chain length and target 
special properties in the final recycled product. For example, to enhance the 
long-term stability Recyclostab 451 is usually applied for stabilizing battery 
cases. Light stabilizers such as Recyclossorb 550 in addition to processing 
and long-term stabilizers, are used for PE pellets, and HDPE applications such 
as bottle crates and profiles. Commercial light stabilizers like Recycloblend 
660 [Kar03] which contain antioxidants are used for polyolefin recycling, to 
keep constant melt flow rate to maintain a stable flow behavior. 
2.2.2 Chemical recycling 
Chemical recycling, known also as feedstock or tertiary recycling, involves elevated 
temperature process to break the structure bonds in the polymer to be recycled 
[Bre12]. Chemical recycling has different forms such as hydrolysis, pyrolysis, 
hydrocracking and gasification [Ign14]. 
Hydrolysis is the breaking of large molecules to smaller ones in the presence of 
water. An example for this process in recycling is the hydrolysis depolymerization of 
condensation polymers like PLA, PET and PU [Agu99]. Thus, the resulting 
monomers can be reused in the synthesis of new polymers. Pyrolysis is carried out in 
an oxygen-lean environment to break large molecules into smaller ones by the heat 
effect. Pyrolysis is suitable in dealing with heterogeneous waste or residuals of 
automotive parts (after being shredded) [Bre12] or the used car tires which are 
converted into carbon black. Pyrolysis process transforms plastics into gases, a 
mixed liquid of hydrocarbons and a solid char.  
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The high molecular weight products, due to the absence of hydrogen and oxygen, 
are refined to produce high added value petrochemical feedstock as listed in 
Table ‎2-1. 
Table ‎2-1. Recycling products out of pyrolysis [Sch01] [Pan10] 
Polymer Low-temperature products High-temperature products 
PE waxes, paraffin, oils, α-olefins Gases, light oils 
PP Vaseline, olefins Gases, light oils 
PVC HCl, benzene Toluene 
PS Styrene Styrene 
PMMA Methyl methacrylate (MMA) Tetrafluoroethylene (TFE) 
PTFE Monomers TFE 
PET Benzoic acid, vinyl terephthalate TFE 
PA-6 Caprolactam Aramid (aromatic polyamides) 
Hydrocracking is the conversion of high boiling chemicals in crude oil to low boiling 
point such as gasoline or jet fuel, using a high partial pressure of hydrogen [Bre12]. 
Gasification process is the exposure of carbon containing material such as coal and 
biomass to a controlled amount of air or oxygen, so that the molecules are broken to 
carbon monoxide, hydrogen and other gases [Al-15]. 
2.2.3 Biological recycling (Degradation) 
The term recycling here is used in because large molecules are also down broken to 
smaller ones and hence the waste materials can be returned back to the production 
cycle [Sco02]. Bacteria [Cho11], microorganisms and fungi [Sch06] can assist in 
polymer degradation by the aid of air and water [Mül13]. Biosynthesized polymers 
like cellulose, chitin and PLA (poly Lactic acid) can be biodegraded under a 
combination of different processing parameters (pressure, presence of certain 
microorganisms, PH value) to compost [Dav05]. 
It is worthy here to note that bioplastics are not all biodegradable as shown in  
Figure ‎2-3 [Tok09]. Plastics like PCL (polycaprolactone) and PBS (polybutylebe 
succinate) can be made out of petrochemical products but they are biodegradable. 
On the other side, nylon, acetyl cellulose and PE are considered non-biodegradable 
although they are made out of biomasses. However, acetyl cellulose can be 
converted into a degradable material depending on the acetylation grade.  
Similarly, PE with its wide-spread applications can be degraded initially using abiotic 
factors (temperature and UV light) by the oxidation of polyethylene chains. Then, the 
size of polyethylene molecules decreases to an acceptable range for the enzymatic 
action (typically from 10 to 50 microns) [Res14]. 
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Figure ‎2-3: Bio-plastics comprised of biodegradable plastics and bio-based plastics 
2.2.4 Incineration 
This is the last way to get an added value from the disposable plastics before 
landfilling. That’s why it is called quaternary recycling as shown in Figure ‎2-4. 
Actually, this is the first approach and still the most popular for plastics conversion 
even in many developed countries. Incineration is suitable for processing of mixed 
and heavily contaminated wastes, which cannot be processed by any of the 
previously stated recycling methods [Al-10]. The energy gained by incineration is 
considered a dense fuel source. This takes the form of heat and electricity in civil 
buildings and even in industrial plants like cement furnaces, chemicals’ incineration 
facilities, and melting furnaces for metallic scrap [Ign14]. Incineration method is also 
characterized with the reduction of the waste volume up to 1% of its original size. It is 
highly needed to deal with the most hazardous wastes like the toxic, contagious and 
medical wastes. 
 
 
Figure ‎2-4: Schematic showing the alternatives for recycling methods quoted from [Ign14], [Al-10] 
2.3 Recycling of fiber reinforced thermoplastics 
Polymer composites filled with particles or reinforced with fibers represent a 
challenge in the recycling process. The target is not only to retrieve the material for 
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reuse in the same application but also to extract the fillers or the fibers if the polymer 
is not used anymore.  
Figure ‎2-5 shows the recycling processes for fiber reinforced polymers (FRP). 
Mechanical method, as mentioned before, helps in obtaining fillers (in case of 
thermoset composites) or granulates ready for further thermal shear processes like 
extrusion and injection molding (in case of thermoplastic composites). It is a common 
practice to add virgin raw material to the recycling process [Mor12]. It is worth to note 
here that mechanical recycling has only an effect on the long fiber’s length. This 
means that for short fibers composites, no difference is to be expected. 
Chemical recycling using sovolysis method is classified to low temperature or super 
critical temperature [Mor12] at temperatures higher than 400°C [Oli15]. Sovolysis 
method is developed mainly to extract the expensive carbon fibers from the epoxy 
matrix of the carbon fiber composites, which have a lot of limitations to be landfilled. 
The process is very expensive and environmentally polluting as it depends on 
dissolving the entire matrix like PET, PC, nylon and PU using environmentally 
unfriendly chemicals. Solvolysis is a depolymerisation process like alcoholysis, 
hydrolysis, acidolysis and amniolysis that produce oligomers or monomers by 
breaking the C-X bonds. Where X represents the heteroatom such as O, N, P, S and 
halogens [Aza03]. 
 
Figure ‎2-5:  Schematic showing the recycling methods of FRP adapted from [Oth09] [Pic06] 
Thermal processes like fluidized bed process or pyrolysis depend on burning the 
matrix to regain the fibers. Figure ‎2-6 shows the concept of the fluidized bed process 
where the carbon fibers can be separated from the burning matrix [Pic06]. 
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Thermoplastic matrix is considered an easy recyclable matrix and hence besides 
chemical and thermal recycling, re-melting and remolding is the most popular 
recycling option which produces granules or pellets for injection purposes. This 
method is mostly recommended since it preserves the fiber from extensive thermal or 
chemical damages especially when reinforced with natural fibers. 
 
Figure ‎2-6:  Schematic showing the principle of the fluidized bed process [Pic06] 
Despite the wide establishment of synthetic fibers recycling procedures, recycling of 
natural fiber thermoplastic composites does not receive the expected attention due to 
the following reasons: 
 The low size of production with respect to synthetic fiber thermoplastic 
composites. Bio composites (natural fiber and wood polymer composites) 
represent 352000 tons which is about 15% of the whole production of FRP 
(reinforced with synthetic fibers like carbon and glass fibers as well as the 
NFC and WPC) according to [Car14] 
 Natural fibers do not represent a problem for the environment. Actually, they 
are selected because of their safe degradation, low price and reduced burden 
of needed energy for production (low carbon footprint). 
However, it is expected that the market of NFC will remarkably increase to 6.5 billion 
USD in 2021 [Mar16]. Therefore, the need to establish a reliable method of recycling 
this type of engineering NFC becomes now a vital topic.  
This thesis focuses on the NFTC. Taking into consideration the scarcity in the 
research of NFTC recycling, according to [Bal11], [Al-15], [Bou07], [Bou09], [Bou08], 
there are some questions that are arising with the increasing production of NFTC like: 
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 Reuse of thermoplastic composites reinforced with synthetic fibers is 
applicable especially in the primary and secondary mechanical recycling.  
In the secondary mechanical recycling, some sort of thermal degradation can 
take place in the host matrix by decreasing the molecular weight. But the 
synthetic fibers are not expected to be thermally affected. On the other side, 
natural fibers are expected to decompose under thermal effect. 
 Similarly, the length of the synthetic fiber is affected by the recycling 
processes as reported in [Col15]. This is believed to depend on the original 
fiber size and fiber content. The shortening of synthetic fibers takes place 
through fibers’ fragmentation but in case of natural fibers, it is believed to take 
place in other forms like fiber splicing besides to the fragmentation as shown 
in Figure ‎2-7. Also fiber size can be reduced due to the thermal degradation or 
volatilization of some fiber constituents. 
 
 
Figure ‎2-7: Schematic showing the fiber fragmentation experienced by synthetic fiber and 
fragmentation/ splicing/ thermal degradation by natural fiber 
2.4 Effect of recycling on composite constituents and properties 
This part considers the effect of the recycling process and the corresponding 
changes taking place in the composite constituents (thermoplastic matrix and fibers) 
regarding the mechanical, rheological, thermal properties as well as geometrical 
features. 
2.4.1 Impact on thermoplastic matrix 
The effect of recycling on the thermoplastic matrix is not a simple linear relation of 
degrading properties with increasing processing steps. The main influence of 
recycling according to [Aur01] is the reduction of the melt viscosity due to the 
decrease in the molecular weight. Molecular weight reduction or in other words 
shorter polymer chains of recycled PP lead to several significant changes in the 
compounds’ crystallization rates, crystallinity as well as melting temperature in 
comparison to the original non-recycled PP.  
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As reported by [Cic17] also mechanical properties such as Elastic modulus and yield 
strength are affected by recycling, where an improvement in both flexural modulus 
and strength with the increase of number of recycling steps is observed for PP/Hemp 
compounds with 20-wt. % up to 3 cycles. On the contrary, the impact strength is 
negatively affected by recycling.  
Similarly, according to [Inc99], the viscosity of homo-polymer PP decreases as a 
result of the reduction of the weight average molecular weight (Mw) and the narrowing 
of the molecular weight distribution (MWD), described by the quotient of Mw to the 
number average molecular weight (Mn).  However, the mechanical behavior behaves 
differently [Inc99]. E-modulus here doesn’t increase with the recycling number as in 
[Cic17] and [Aur01] but decreases after one cycle and remains almost stable. The 
yield stress shows the same behavior. Elongation at break exhibits a close trend to 
[Aur01], as it decreases with the increase of recycling number. The change in Mw, Mn 
and the mechanical properties with respect to the recycling up to the seventh cycle is 
listed in Table ‎2-2. Similar reaction to [Inc99] in yield stress and elongation is 
reported in [Kur15] with Poly(butylene terephthalate)/polycarbonate (PBT/PC) binary 
blends exposed to consecutive five recycling cycles. Viscosity reduction with more 
recycling is proved by the measurement of melt flow index (MFI) where higher MFI is 
an evidence of low viscosity. 
Table ‎2-2. Development of Mw and the corresponding mechanical properties at different recycling 
number [Inc99] 
Recycling #  (Pa.s) Mw Mn Mw/Mn E [MPa] y [MPa] b [%] 
0 (virgin PP) 7371 537000 61000 8.8 523 11.3 373 
1 7102 -- -- -- 610 10.6 350 
2 6716 -- -- -- 600 10.5 370 
3 5947 420000 60400 7 610 10.1 351 
5 4607 -- -- -- 611 11.2 325 
7 4437 366500 58000 6.3 615 9.4 309 
Regarding the effect of recycling on thermoplastic matrix in case of using natural 
fibers; Le Duigo [Le 08], in a pioneer work, studied the recycling of bio composites 
namely flax/ poly (L-lactide) at 20 and 30 wt.% flax loading. The molecular weight is 
measured and found to decrease remarkably from 220000 to almost 85000 g/mole 
after 6 cycles of reprocessing. With the implementation of fibers, the molecular 
weight decreases more to 25000 g/mole in case of 30 % flax fiber as shown in 
Figure ‎2-8. This extreme reduction is attributed mainly to the hydraulic degradation of 
PLLA especially with the presence of water in flax fibers and the application of high 
temperature conditions. However, other types of degradation are also expected to 
occur such as de-polymerization, radical and non-radical reactions, cis-elimination, 
trans-esterification besides to the mechanical degradation due to the shearing 
processes.  
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A same phenomenon was observed by Kozderka et al. [Koz17] for the PP matrix. A 
decrease in Mw from 166000 to 69000 g/mol after 6 cycles in the PP matrix was 
reported. This deterioration of the molecular weight is known as ‘’Cavitation’’ where 
chain scissions occur in parallel to increasing embrittlement of the amorphous matrix 
as a result of the thermal and mechanical stresses induced by recycling.      
This high degradation in the molecular weight after recycling leads to a 
corresponding reduction in viscosity. The polymer reinforced with fibers show higher 
viscosity than non-reinforced ones. But it is worthy to note that the viscosity 
stabilization level shows a local minimum at the fifth cycle. This is explained in terms 
of the increasingly generated fibers (due to successive shortening or splitting / 
splicing) which hinder the mobility of PLLA chains [Le 08]. 
 
Figure ‎2-8: Effect of recycling number on the molecular weight of PLLA in flax/ poly (L-lactide) 
composites [Le 08] 
In another work by Bourmaud et al. [Bou07], the effect of recycling PP-Hemp and PP-
Sisal compounds (70% loading) showed a remarkable decrease in the melt viscosity 
of both compounds by 73% and 65% respectively. The decrease in the viscosity was 
denoted to two factors; the first is the scissions in the polymer chains as a result of 
the shearing stresses applied during the mechanical recycling processes. The 
second factor was the fibers’ shortening which is discussed in the following section.  
2.4.2 Impact on fibers 
As mentioned in 2.3, recycling processes for the thermoplastic compounds are 
usually performed for the synthetic fiber reinforced thermoplastic compounds. These 
recycled composites can suffer from the decrease in the mechanical properties after 
recycling due to the damage and shortening of the fibers which consequently affect 
the load carrier body in the composite system. Chrysostomou et al [Chr96] reported 
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that polycarbonate with 20% glass fibers are subjected to five cycles. Cycle number 
Zero corresponds to the virgin granulates. Out of 500 extracted fibers by combustion 
at 650°C, the length of the glass fibers is measured microscopically. The mean and 
the median values show the reduction in the measured value in a negative 
exponential trend, as seen in Figure ‎2-9. The recycled fibers show that only the 
fragmentation mode is taking place. The evidence of the fragmentation is that the 
mean fiber diameter is the same and the fiber length is decreasing. 
In case of natural fibers, the fiber is broken according to different modes as explained 
and described in Figure ‎2-7 namely fragmentation and splicing besides to the thermal 
degradation expressed in fiber thinning. Few literature studies try to describe the 
influence of recycling on the fiber length and the corresponding aspect ratio such as 
[Le 08]. As shown in Figure ‎2-10, the fiber length decreases remarkably in a negative 
exponential trend. But the remarkable behavior is the reduction of average fiber 
diameter as shown in Figure ‎2-11. However, the reduction of the fiber diameter is 
less than that of the length so the aspect ratio, in Figure ‎2-12, maintains a similar 
trend to the development of the fiber length. 
The effect of recycling on the fiber length and accordingly the fiber aspect ratio 
should be correlated with the development of the composite thermal and mechanical 
properties. However, to achieve better analysis, the following points should be 
discussed: 
 In order to avoid fiber extraction in case of natural fiber, fiber measurement is 
still limited to time-consuming microscopic work, 
 The composite properties are not well analyzed in terms of the fiber shape and 
the properties of the single fiber, 
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Figure ‎2-9: Effect of recycling number on the mean and the median fiber length [Chr96] 
 
 
Figure ‎2-10: Effect of recycling number on the fiber length of flax fiber [Le 08] 
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Figure ‎2-11: Effect of recycling number on the fiber diameter of flax fiber [Le 08] 
 
 
Figure ‎2-12: Effect of recycling number on the aspect ratio of flax fiber [Le 08] 
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2.4.3 Impact on thermal properties 
Recycling is known to affect the results of the fiber reinforced composites taken out of 
thermal gravimetric analysis (TGA), differential scanning calorimetry (DSC) and 
dynamic mechanical analysis (DMA). These properties are namely the glass 
transition temperature (Tg), crystallization temperature (Tc), melt temperature (Tm), 
crystallization enthalpy (Hc), melting enthalpy (Hm), crystallinity index (), in 
addition, storage and loss moduli. 
Effect of recycling on DMA moduli values for biopolymer matrix (BioFlex) and wood 
flour is not significant as reported by [Mor12]. The Tg values prove to decrease by 
recycling of PLLA/flachs as stated in [Le 08] with a significant increase in the 
crystallinity index. The TGA test of PP/flachs, in presence of a maleic anhydride 
grafted PP (MA-PP) as a coupling agent, shows a positive effect of recycling. 
On the other side, the crystallization enthalpy (due to initiation of more surfaces from 
fibers or impurities as a result of recycling reduce the critical energy required for 
nucleation) and the melting temperature decrease by more reprocessing steps. On 
the contrary, melting enthalpy and crystallization temperature did not show a clear 
trend by recycling. Similarly, in [Gal95], the crystallization enthalpy for PP decreases 
as a result of the decrease of the nucleation density of the matrix due to the 
shortening of the polymer chains. This leads to an increase in the amorphous region 
on account of the crystalline region in the matrix promoting a better dimensional 
stability of the PP matrix during solidification.   
2.4.4 Impact on mechanical properties 
To discuss the impact of recycling on the mechanical properties, the results of 
[Kur15] will be recalled. The effect of recycling on the tensile strength of the PBT/PC 
blend with 10% glass fibers in the presence of 5% maleic anhydride compatibilizer is 
compared to unreinforced blend as shown in Figure ‎2-13. The reduction in strength in 
case of the reinforced blend is more prominent. The decrease in strength for the 
reinforced blend after 5 cycles of recycling is from 84 to 55.7 MPa (33.5%) while the 
decrease in case of un-reinforced blend is just from 52 to 47.8 MPa (7.8%). 
There are two theories to explain this result. First one is the formation of free fiber 
surfaces without adhesion with the polymer matrix and thus a worse load transfer 
from matrix to fiber and vice versa is attained [Kur15]. The second theory [El-14a] is 
the lower effective load transfer due to the shortening of the average fiber length. 
More fibers will lie below the critical fiber length as shown in Figure ‎2-14. The effect 
of fiber length (below and above) the critical length on the fiber length efficiency term 
(l) is shown in Equation 2-1.  
This will affect finally the composite overall strength as defined in Equation 2- 3. 
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Equation 2- 1 
‘lc’ is the critical fiber length at which the fiber loading efficiency is maximized. It is 
defined in Equation 2- 2. 
 
Equation 2- 2 
f is the fiber strength, d is the fiber diameter and  is the interfacial shear strength. 
       Equation 2- 3 
Where subscripts ‘c’, ‘m’ and ‘f’ stand for composite, matrix and fiber respectively, vf is 
the fiber volume fraction, ‘’ is strength, ‘o’ and ‘l’ stand for orientation and fiber 
length. 
 
Figure ‎2-13: Effect of recycling number on the tensile strength of PBT/PC and PBT/PC/10%GF [Kur15] 
As explained above and in a series of publications [Ber16], [Ber16], [Fu96], [Pee98], 
[Cre04], [Ber16], [Amu13], [Amu13], [Yip01], [Nor03], this relation between the fiber 
length and the resulting mechanical properties are already discussed and proved. 
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Figure ‎2-14: Effect of fiber length on the mechanical properties 
Concept of the effect of fiber length is generalized by the aspect ratio. Aspect ratio 
(AR) is the quotient of fiber length to diameter as shown in  Equation 2- 4. However, 
there was no much difference between length and AR concepts because fiber 
diameter in case of synthetic fibers shows almost consistency. 
       Equation 2- 4 
The analytical modeling developed to include the effect of the fiber geometrical 
distributions in length and diameter and not being limited to certain mean dimensions. 
This approach has explained the deviation between the experimental results and the 
expected modeling ones. For instance, Fu [Fu96] found out that to enable the 
polymer composite reaching the theoretical strength, the mean fiber length should 
exceed the critical fiber length with the factor of five or greater. Even more and for the 
sake of durable behavior, the mean fiber length should exceed the critical one with 
the factor of almost ten [Pee98]. 
As previously mentioned, the effect of recycling synthetic short fibers on shortening 
the fiber length can be described relatively easy, modeled and predicted. That is due 
to the fact fibers normally show one sort of breaking namely the fragmentation (fiber 
breaking with the same diameter). Besides, the fibers are considered straight and not 
flexible without curving or even tangling as shown in the straight glass fibers [Chr96]. 
It is interesting to notice that the fiber shortening due to recycling is not 
corresponding to a linear reduction in the measured mechanical properties. The 
mean fiber length is almost reduced to 50% of its original value, but the strength 
remains almost the same, the bending strength decreases only 3% and the impact 
strength reduces by almost 15%, [Chr96]. The same notice of non-affected 
mechanical properties under recycling is also reported by [Cic17] and [Le 09]. 
Flexibility of fibers, as shown in Figure ‎2-15, changes the efficiency of load 
transferred through the matrix to the fiber as well as the fiber fracture behavior. In 
[Bér08], the relative strength of the fiber against the flow induced stress is the 
criterion for fiber breaking as defined by the ratio (E-modulus / viscosity. Shear rate). 
fibre
fibre
d
L
AR 
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Figure ‎2-15:  Effect of fiber flexibility on the load transfer efficiency 
On the contrary to stiff synthetic fibers, natural fibers possess a unique nature and 
behavior under extreme mechanical stresses due to the applied shear. As described 
in Figure ‎2-7 and section 2.4.2, natural fibers in the compound when re-melted and 
re-injected, suffer from more splicing and fragmentation. The newly generated 
surfaces due to recycling are in the case of natural fibers more than those generated 
in case of glass fibers. This results in new coupling sites between the natural fibers 
and the polymer matrix. Therefore, the mechanical properties are enhanced after the 
first cycle as reported in [El-13], [Cic17] and [Le 08] and then stabilize or even 
decrease after the second or the third cycle. 
Studying the recycling of natural fiber thermoplastic composites in this sense is not 
limited to the usual meaning of Reduce-Reuse-Recycle, but it can be thought of as a 
technique to reach better mechanical or physical performance. Also, understanding 
the recycling effect on the fiber morphology, fiber structure and fiber-matrix 
interaction will enlighten some non-explained deviations between the available 
modeling techniques and the experimental results [Vel12] [El-09]. 
2.5 Conclusion 
Recycling of NFTC comprises polymer matrix, natural fibers and additives. Matrix 
recycling and additives compensation have already stable code of practice. The 
remaining candidate is the fiber. Issues related to the recycling of synthetic fibers are 
almost settled like fiber length reduction. However, in natural fibers, the recycling 
imposes new aspects like change in fiber size (agglomeration, branching, length, and 
diameter) and change in fiber composition due to thermal degradation. 
Studying the recycling of natural fiber thermoplastic composites in this sense is not 
limited to the usual meaning of Reduce-Reuse-Recycle, but it can be thought of as a 
technique to reach better mechanical or physical performance. Also, understanding 
the recycling effect on the fiber morphology, fiber structure and fiber-matrix 
interaction will enlighten some non-explained deviations between the available 
modeling techniques and the experimental results. 
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3 Research Strategy 
The methodical approach followed in this work shown in Figure ‎3-1 aims to study the 
effect of recycling on the rheological, thermal properties and morphology of the NFTC 
and relate them to the evolution in the mechanical properties. The characterization 
discusses these effects in terms of the changes in both fiber and polymer matrix. The 
change in fiber deals with the change in fiber dimensions and composition whereas 
the change in the matrix corresponds to flow behavior, thermal properties and 
molecular weight.  
Two compounds with different fiber types namely Sisal Hemp are selected to show 
the potential of recycling on these two main fibers’ types: 
 Straight leaf fiber: Sisal  
 Flexible curled bast fiber: Hemp.  
The gained knowledge is then used to model the flow behavior of the recycled NFTC 
according to the fiber type.  
 
Figure ‎3-1: Research strategy 
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3.1 Materials and Methods 
3.1.1 Thermoplastics 
The selected matrix material for this research is Polypropylene Moplen EP500V 
which is widely used for injection molding applications, with Density of 0.9 g\cm³, Melt 
flow rate (230°C\2,16Kg) of 100 g\10min and Tensile Modulus of 1450 MPa, notched 
Izod of 5.9 kJ/m² at room temperature and 3 kJ/m² at 0°C. 
Another commercial high flow polypropylene, made out of 50% recycled PP with 20% 
prime PP [FAO11] in Voerde company, is also used in the spiral flowability tests in 
order to reduce the recycling effect on the matrix and just consider the effect of 
natural fibers. 
3.1.2 Natural fibers 
The natural fibers used in the whole study are listed below in Table ‎3-1. Sisal and 
hemp are the fibers selected for the recycling study and consequently 
characterization tests such as rheological behavior, injection flowability and thermal 
tests. Hemp belongs to bast fibers which are extracted from the Cannabis plants from 
phloem tissues and are known for their soft structure due to their higher lignin 
content.  
Table ‎3-1. The used natural fibers and their data 
Natural fiber type Supplier Notices 
Sisal fibers Cayetano Garcia Del Moral S.L., 
Cabra del Santo Cristo, Spain 
Chopped fiber slivers prepared in 
(BaVe Badische Faserveredelung 
GmbH, Malsch) 
Sisal fibers* APAEB, Bahia, Brasil Slivers of fibers in chopped form 
Hemp fibers* AFT Plasturgie, Fontaine-lès-Dijon, 
France 
Slivers of fibers in chopped form 
*These fibers are compounded commercially with the commercial PP mentioned in 3.1.1 and supplied by Voerde and AFT (PF3 
434A) respectively 
 
On the contrary, Sisal fibers which are leaf fibers are stiffer in nature and are 
extracted from Agave Sisalana plants and are distinguished by their high cellulose 
content. More detailed illustration of the two fibers is discussed in section ‎4.3.  
As previously mentioned, these two types of fibers are the reinforcing fibers used in 
the NFTC in this study which are listed in Table ‎3-2.   
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Table ‎3-2. The used natural fibers composites and their data 
Compound Name Matrix Fibre Fibre Content 
PP-S Commercial Polypropylene  Sisal 1 30% 
PP-H Commercial Polypropylene 
  
Hemp 1 30% 
PP-30%Sisal Moplen EP 500V High flow Sisal 2 30% 
3.1.3 Coupling agent 
Maleic anhydride grafted polypropylene (MA-g-PP) is used as a coupling agent 
[FNR14] between the hydroxyl group in the natural fiber and the functional group in 
the polypropylene matrix [Kee04], [Li07]. To get such coupling, a double bond is 
needed to bind to the polypropylene and carboxylic acid (or anhydride) to form the 
ester linkage between the cellulosic fiber and the coupling agent [Era09] as shown in 
Figure ‎3-2. The needed amount of the MA-g-PP coupling agent for 30 wt% natural 
fiber is 3 wt% in accordance to Keener [Kee04]. This meets also the 1:10 rule of 
coupling agent: natural fiber ratio as reported in [El-14b]. Stabilizer is added internally 
in the supplying compounding company. 
 
Figure ‎3-2: Schematic representation of the coupling between cellulose fiber and PP with the aid of 
maleic anhydride coupling agent [Era09]. 
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3.2 NFTC preparation 
Polypropylene and the other additives like the coupling agent and the stabilizer are 
added to the extruder. The fibers /pellets are added from a side opening. The 
atmospheric and vacuum degassing ports are used to get rid of the evolving gases 
from the natural fibers under heating. 
As mentioned before, two commercial compounds of PP/Sisal and PP/Hemp with 
30% fiber weight content. Both compounds are supplied by Kunststoffwerk Voerde 
and AFT (PF3 434A) respectively. Hereafter, the both NFTC samples are called  
PP-S and PP-H for PP/Sisal and PP/Hemp respectively. The compounding of PP, 
additives and all types of natural fibers are carried out using a twin-screw extruder 
[FNR14].  
Although compounds used in this research are supplied by external suppliers as 
previously mentioned, it is important here to mention briefly the process followed 
internally to produce similar compounds according to [El-14a]. The used extruder for 
these purposes is from Berstorff of ZE 25 model (twin co-rotating extruder). This 
means that the body housing diameter is 25 mm. Number of heating chambers are 
nine. The extruder speed is variable from zero to 1200 revolution/min with a rotating 
torque of almost 90 Newton meters. The heating temperature reaches 400°C. The 
design of the extruder can be adjusted for governing the shear rate. 
The extruder layout includes the zones of feed, compression and metering. Fiber 
mixing takes place after the feed and compression of PP. Second step of 
compression zone takes place on the PP/ natural fiber before the final metering of the 
compound as shown schematically in Figure ‎3-3. 
 
 
Figure ‎3-3: Extrusion procedure of PP with natural fibers [El-14a] 
3.3 Recycling  
The primary recycling experiments in this study are carried out by injection molding. 
Two injection molding machines with different capacities are used. The first one is 
Arburg Allrounder 220S 150-60 which is used to produce test samples and the 
recycling process. 
The second machine is Arburg Allrounder 320C 600-250. It is used in producing 10 
spirals samples for the flowability tests. The parameters of injection molding for both 
machines are listed in Table ‎3-3. 
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As mentioned above, the recycled material, out of the machine Allrounder 220S, is to 
be shredded and used in further cycles. By injection and material shredding to new 
pellets, a recycling cycling is considered complete. The pellets are afterwards dried 
overnight at 100°C.  
Number of implemented recycling cycles is up to five. Hereafter, the samples are 
named with respect to the recycling cycle number (C0, C1, C2, C3, C4 and C5). C0 
represents the original product. 
Table ‎3-3. Parameters of Injection molding for Arburg Allrounder 220S 150-60 
Parameters Arburg Allround 220S 150-60 Arburg Allround 320C 600-250 
Injection pressure (bar) 500 500 
Injection flow (ccm/s) 20 20 
Dosage volume (ccm) 8 40 
Switch over point (ccm) 1,5 38 
Time of holding Pressure (s) 7,5 7,5 
Temperature (°C) 200 200 
3.4 Characterization Techniques 
3.4.1 Flow Length 
Spiral flow length test is one of the most important methods to assess the flowability 
of a certain compound to predict its mold filling behavior in injection molding process. 
The spiral has a half circular cross section with 6 mm diameter and 9.5 mm pitch as 
seen in Figure ‎3-4a. 
 
Figure ‎3-4: a-Spiral injection 
mold 
b- Template used to measure 
the flow length of the spirals 
samples 
c- Measurement of the spiral 
flow length against the 
template [Ram14a] 
 
The spirals are injected in spiral forms conforming to ASTM D3123-09 and the 
corresponding flow lengths are measured. A special template is used to measure the 
spiral flow length as shown in Figure ‎3-4b & c. As mentioned in 3.1.1, to consider 
only the effect of recycling on the natural fibers, recycled PP is used as the 
thermoplastic matrix. 
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3.4.2 Viscosity measurements 
Viscosity is simply a measure principle for the resistance of the polymer against flow 
under applied force. Viscosity of the compounds before and after recycling is 
measured using two different rheometer equipment. Rheometer is the equipment 
used to measure rheology of fluids in response to applied forces. 
Since not all rheometers can cover all the required shear rates for the 
characterization, two rheometers were utilized to cover all the required shear rate 
range.  
3.4.2.1 Rheometer for measurements at low shear rates 
A rotational / oscillatory rheometer AR 2000ex from TA Instruments measures the 
viscosity of the compound using circular plate geometry type and with shear rates of 
1E-3 up to 1E3 1/s. at an oscillation frequency sweep from 0,1 – 100Hz, strain of 1% 
and the viscosity was measured in function of low shear stress. The operating 
concept of the rheometer is schematically illustrated in Figure ‎3-5. 
 
Figure ‎3-5 Schematic of rotational / oscillatory rheometer 
3.4.2.2 Rheometer for measurements at high shear rates 
The high-pressure capillary rheometer, named Rheograph 75, supplied by Göttfert 
with two canals of 15 mm diameter ending with dies of length / diameter of 0/1 and 
15/1 mm. Its speed is 0.00005 - 40 mm/s which can impart shear rate up to 1E6 1/s. 
Such shear rate simulates the injection molding shear conditions. The pellets were 
put inside the Rheometer channel to be melted at the required temperature and the 
viscosity was measured against the applied high shear stress. Rabinowisch 
correction for non-parabolic velocity profile and Bagley correction for exit flow are 
implemented for corrected viscosity. A schematic illustration is shown in Figure ‎3-6. 
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Figure ‎3-6: Schematic illustration for high pressure capillary rheometer 
Both measurements were made at 200°C (the same temperature as the injection 
molding). 
3.4.3 Extraction of natural fibers from the composites 
The effect of recycling on the development of the fiber size (length and diameter) is 
studied. However, measurement of fiber size after recycling requires in the first step 
fibers extraction. In polymer composites, ashing the polymer is a known technique for 
extracting glass fibers. However, it is not suitable for extracting natural fibers due to 
their degradation and low thermal stability. Therefore, it is required to dissolve the 
polymer matrix chemically at a suitable temperature to avoid natural fiber degradation 
and hence the natural fibers can be extracted and further characterized or measured. 
Decalin as a solvent is used as suitable way for separating the fibers again 
[Ram14a], [El-14a]. 
Extraction procedure is done by weighing approximately 0.75 g of the composite 
material (such as the sprue of the injected spiral sample) in a test tube. Then the 
material is added to 30ml of Decalin solvent inside a volumetric flask. This mixture is 
stirred by the help of a magnetic stirrer and heated up to 165°C in an oil bath, as 
shown in Figure ‎3-7. A condenser is coupled to the flask to avoid the release of 
Decalin vapor. After two hours, the flask is taken and the solution is rapidly filtered by 
the aid of a vacuum system. The filtered fibers are then washed with acetone and 
afterwards placed in an oven at 105°C for drying. The same procedure is repeated 
for 3 samples of each cycle for the sprues taken from the injected spiral samples. 
To check the effect of the recycling on the flow behavior of the fibers during injection, 
three pieces are cut from the injected spirals namely (the tip, the middle and the 
bottom), as shown in Figure ‎3-8. For each part, a similar procedure of fiber extraction 
was repeated three times for each cycle in three different spirals. 
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Figure ‎3-7:  Fiber extraction using Decalin 
solvent at 165°C 
Figure ‎3-8:  The pieces taken from the injected 
spiral for a following extraction process to get 
fibers 
3.4.4 Measurement of fiber size 
The effect of recycling on the development in fiber size (length and diameter) is 
studied by QICPIC. It is an instrument based on the image analysis sensor that 
combines particle size and shape analysis. There are two techniques of 
measurement. Firstly, is the dry technique (Rodos) which depends on the dispersion 
of the dry fibers/particles into a pressurized flow of air up to 4 bars in front of a high-
speed camera. The camera has a high-performance data compression module which 
supports the acquisition of up to 450 images per second of 1024 x 1024 pixels. The 
particles are then sucked by a vacuum cleaner. However, this method is not suitable 
for natural fibers of small lengths because the images are not very accurate as 
shown in Figure ‎3-9 (left). The red line shows the acquired fiber length which is too 
short in relation to the real length due to the lack of sharpness and non-continuous 
fiber image. This technique is only applied for measuring the original fibers which 
have very large dimensions and could be measured without large errors.  
The second technique is Lixell system where a wet dispersion for emulsions and 
suspensions (1 to 2,000 µm; with special flow-through cuvette also available for 
applications from 20 to 10,000 µm) is pumped and circulated in a closed loop. The 
required sharpness of the image is achieved by the Lixell system for the recycled 
natural fibers. The limited cavity thickness of the cuvette causes its blocking when 
measuring original fibers of large dimensions. Therefore, Lixell is used for fibers 
measurement starting cycle 1. 
Figure ‎3-10 shows the Lixell system and its assembly of solution stirrer, pump, 
imaging system and connecting tubes. The dispersion of the fibers is carried out 
using isopropanol. Evaluation of the measured lengths and diameters is based on the 
fiber area accumulated distribution Q2.  
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For measuring the fibers’ lengths, lens M8 (19-5000 µm) is used. Whereas for the 
fibers diameters, M6 (1-500 µm) is used according to ISO 13322-2. The results are 
displayed in graphs of Particle Size (µm) versus the accumulated distribution. 
 
Figure ‎3-9:  Fiber detected by the dry Rodos technique (left) and the wet Lixell technique (right). 
Source: http://www.sympatec.com/DE/ImageAnalysis/Fundamentals.html) 
 
Figure ‎3-10: QicPic- Lixell method of operation 
3.4.5 High pressure capillary rheometer 
High-pressure capillary rheometer type Rheograph 75 from GÖTTFERT 
Werkstoffprüfmaschinen GmbH, Buchen is supplied with 75 KN load cell and 
measures within the temperature range RT – 400°C with accuracy of 0.02 K. 
Experiments with shear rates up to 40 mm/s and till 1400 bar can be measured. 
Thermal conductivity can also be measured using the hot wire method and provides 
accurate readings as a function in temperature and pressure.  
 
 
For the investigations, the following tests were applied for selected samples: 
 Viscosity is measured according to DIN 54811 at 180, 200 and 220°C at a shear rate 
range of 1 s-1 up to 1E6 s-1 where twin dies of dimensions L/D = 0.2 and 15 mm were 
used to generate pressure difference. 
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 Thermal conductivity is measured in temperatures from 40 – 220°C and pressures 
from 1 - 906 bar.  
3.4.6 Moisture Absorption of Sisal and Hemp Fibers 
Assessment of fibers affinity to moisture absorption is very important to be able to 
adjust processing parameters, understand the composite behavior and to evaluate 
the overall quality of the resulting composite.  
Fibers are dried at 105°C for 24 h then directly placed in the conditioning chamber at 
20°C and RH 65%. Weight readings are recorded over 180 min. 
The moisture content is calculated according to the following Equation ‎3-1  
𝑴𝒐𝒊𝒔𝒕𝒖𝒓𝒆 𝑪𝒐𝒏𝒕𝒆𝒏𝒕 = (
𝑾𝒊
𝑾𝟎 
− 𝟏). 𝟏𝟎𝟎  
Equation ‎3-1 
W0 = weight of dry fibers 
Wi = weight of fibers at measuring time  
3.4.7 Thermal gravimetric analysis TGA 
TGA is conducted using Q5000 IR from TA instruments in oxygen or nitrogen 
atmosphere (as will be mentioned in each section) with 10 k/min rate from the room 
temperature up to 800°C. 
3.4.8 Thermal gravimetric analysis with mass spectrometry TG-MS 
This investigation was carried upon request from MEET - Münster Electrochemical 
Energy Technology Institut für Physikalische Chemie to specifically characterize the 
two commercial compounds. Spectrometer is ThermoStar model GSD 301 T. 
3.4.9 Thermal gravimetric analysis with Fourier Transformation Infrared 
spectrometer TG-FTIR 
This investigation was carried upon request from MEET - Münster Electrochemical 
Energy Technology Institut für Physikalische Chemie  
The heating rate applied is 20 K/min within a temperature range RT – 1000°C for a 
20-mg mass of sample. For the oxidation tests, a slower heating rate of 5 K/min was 
applied. FTIR is Thermo Scientific model Nicolet iS10. 
3.4.10 Differential Scanning Calorimetry DSC 
DSC is a thermo-analytical technique which measures the heat flow into or from a 
sample as it is either heated, cooled or under isothermal temperature. The objective 
of this test is the determination of the physical change in the tested polymer such as 
the endothermic melting, or the glass transition, or the exothermic recrystallization. 
Physical change is defined in term of temperature and enthalpy. 
The selected procedure of the DSC test is heat-cool-heat process. The first heat aims 
to eliminate the previous thermal history of the polymer. Then by the cooling cycle, 
both the temperature and the enthalpy of the crystallization are determined from the 
 Research Strategy 
 
35 
heat flow against temperature. The temperature is defined at the local minimum point 
of the curve and the enthalpy is calculated by integrating the area under the peak. All 
measurements are done using the software Universal Analysis 2000®. 
The heat-cool-heat procedure is done in nitrogen medium and designed as in the 
following sequence illustrated in Figure ‎3-11: 
1: Equilibrate at 20.00°C 
2: Isothermal for 1.00 min 
3: Data storage: On 
4: Ramp 10.00°C/min to 
175.00°C 
5: Isothermal for 5.00 min 
6: Mark end of cycle 1 
7: Ramp 100.00°C/min to 
124.50°C 
8: Isothermal for 5.00 min 
9: Mark end of cycle 2 
10: Ramp 10.00°C/min to 
-50.00°C 
11: Mark end of cycle 3 
12: Ramp 10.00°C/min to 
200.00°C 
13: Mark end of cycle 4 
14: Data storage: Off 
15: End of method 
 
 
           Figure ‎3-11:  Heat-cool-heat cycle 
 
3.4.11 Dynamic Mechanical Analysis DMA 
DMA is a characterization technique to investigate the viscoelastic behavior of the 
polymer and its relaxation events. The test is carried out by applying a cyclic 
deformation at certain temperature and certain frequency in order to determine both 
storage and loss moduli and hence the glass transition temperature can be defined. 
Storage Modulus E’ indicates the energy stored (can be recovered therefore real 
part) in the material during a loading cycle, in other words it represents the stiffness 
of the viscoelastic material. E’’ on the other hand indicates the amount of energy 
dissipated (cannot be recovered and hence imaginary part) in the viscoelastic 
material during the same loading cycle. The ratio of E’’ to E’ gives the tan  which is 
the loss factor representing the lost energy in friction or damping, this is shown in 
Figure ‎3-12. This means that materials with higher tan  are less elastic than those 
with lower tan. Since the test is usually carried over a temperature sweep from 
below the Tg of the material till slightly above the operational temperatures. Phase 
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transitions in the materials are usually indicated by analyzing the peaks changes at 
tan  especially Tg. 
The glass transition (Tg) is a characteristic sign of amorphous materials, as polymers 
and glasses. Under the glass transition temperature, the polymer is hard and brittle; 
and above it the material is in a rubbery state. 
The analysis is carried out with the injected sample (30 x 10 x 3 mm) for each cycle 
at four different frequencies (0.5; 1.0; 2.5 and 10.0 Hz) and oscillation amplitude of 
15 µm. The sample was cooled to -100.0°C and maintained isothermal for 5 minutes; 
afterwards it was heated at a rate of 2.0°C\min until it reaches 140.0°C. 
The ratio of the loss modulus to the elastic storage modulus represents the damping 
behavior of the polymer (known as tan delta). Tan delta is then plotted versus the 
temperature and the transition points represented as a peak in the curve can be 
defined using the software Universal Analysis 2000®. 
 
 
Figure ‎3-12:  Theory of DMA test 
3.4.12 Fiber orientation by digital microscope 
To demonstrate the distribution of the fibers after injection and consecutive recycling 
steps, a rectangular sample is sliced and put on a slide to be observed using the 
Digital Microscope. Another objective of this microscopic analysis is to check the fiber 
homogeneity. 
For this, an injected molded rectangular sample is cut in four pieces after that each 
piece needed to be embedded in resin for Microtome sections, as shown in 
Figure ‎3-13. The resin used in mounting the sample was Technovit 7100 (transparent 
one) and, after curing, it was covered by the resin Technovit 3040 (yellow one).  
After curing, using a Leica Microsystems Microtome type RM 2265, the samples 
embedded are cut in slices of thickness 10µm and 5µm and put on sample slides. All 
the slides are observed by Keyence digital microscope model VHX-500F and Helmut 
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Hund trinocular microscope with polarization filter and phase contrast enhancement 
and attached to a Panasonic color video camera. 
 
 
(a) injected sample for 
microscopic investigation 
(b) Four parts of the 
rectangular sample. 
(c) Sample after embedding 
and curing. 
Figure ‎3-13: (a) injected sample for microscopic investigation (b) Four parts of the rectangular sample 
c) Sample after embedding and curing 
3.4.13 Observation of crystal formation 
To observe the nucleation and the formation of crystals of the polymer during a 
heating-cooling process, a heating machine and a polarized microscope (mentioned 
in 3.4.12) are used. The entire system is shown in Figure ‎3-14. The slides of samples 
are then subjected to the polarized microscopic analysis. The slide is put on the 
heating stage Polytherm D with a thermostat controlling the temperature. 
Temperature increases till it reaches the melting temperature measured by the DSC. 
After that it is left to cool down slowly to the crystallization temperature (Tc) obtained 
from the DSC. 
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Figure ‎3-14: Polarized microscope, Heating Stage and their assembly 
Temperature is then held isothermally at (Tc), for approximately 40 minutes. Pictures 
are taken during all cooling and isothermal process to monitor the development of the 
crystal formation. 
For better identification of the crystal formation during cooling, the amorphous part is 
subjected to etching process. The tested samples are the samples coming out of the 
DSC test after heat-cool-heat process. The polarized microscopy samples are 
prepared as previously mentioned in 3.4.12. The sample is glued and put in an epoxy 
resin (EpoFix Resin) above the glass. Then it is left to cure over 24 hours.  
Then a 10 µm slice is cut by the microtome and laid on a slide for further microscopic 
investigation using the through light assembly. 
Etching of the samples is carried out by putting them in a solution of 40,0 g 
Chrome(VI)-oxide in 75,0 mL distilled water. The solution is heated up to 70 °C and 
etched for 4 minutes. The solution flask is coupled with a condenser to condense the 
released gases. Finally, the glasses are washed with distilled Water. The samples 
are then observed by the polarized and digital microscopes. 
3.4.14 Mechanical Testing 
Mechanical testing is performed on the Universal Testing Machine – Zwick Roell, 
Germany to investigate the evolution of the mechanical properties of NTFC in relation 
to the recycling cycles. For the characterization of the mechanical properties of the 
recycled compounds namely tensile properties, DIN EN ISO 527-2/1BB/2 is applied. 
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4 Characteristics of Sisal and Hemp Compounds 
To be able to study the recycling behavior of Sisal and Hemp compounds, a full 
understanding of the compounds and the reinforcing fibers must be developed. To 
achieve this, a systematic characterization (as illustrated in Figure ‎4-1) is carried out 
to determine rheological, thermal and mechanical properties in addition to the 
morphology of the virgin compounds. 
 
Figure ‎4-1:  Chapter 4 flow chart 
4.1 Thermal Properties of Sisal and Hemp Fibers 
During injection moulding, natural fibers undergo severe combined mechanical and 
thermal stresses. Understanding the behavior of sisal and hemp fibers thermal 
decomposition is a key aspect to understand the changes in the characteristics of the 
NFTC after recycling.  
As mentioned in 3.4.8 and 3.4.9, MS-TGA and MS-FTIR are applied to monitor the 
thermal decomposition behavior of the two fibers under study. Hemp and sisal fibers 
show a very similar decomposition behavior. The onset decomposition temperature 
of hemp is 269.5°C which is 8°C higher than that of the sisal, as shown in Figure ‎4-2. 
Figure ‎4-3 shows the FTIR-spectra for the absorption bands of the decomposition 
products such as acetic acid, water, carbon monoxide, carbon dioxide and methane. 
The release of water, carbon dioxide and acetic acid takes place at different 
temperatures and the content of oxygen and hydrogen (CO-, H2-degassing) in the 
residual material is different as in Figure ‎4-2. Comparing the mass spectra and the 
FTIR spectra in Figure ‎4-3 and Figure ‎4-4, a difference in the amount of individual 
decomposition products for hemp and sisal could be noticed. The relationship 
between methyl alcohol and acetic acid is inversely proportional for both natural 
fibers as in Figure ‎4-5.  
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Figure ‎4-2:  TGA of a) Hemp b) Sisal 
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Figure ‎4-3:  FTIR spectra of (a) Hemp (b) Sisal 
.  
(a) Hemp (b) Sisal 
Figure ‎4-4:  Mass spectra of a) Hemp b) Sisal 
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(a) Hemp (b) Sisal 
Figure ‎4-5:  FTIR spectra of (a) Hemp (b) Sisal 
4.2 Thermal Properties of Sisal and Hemp Compounds 
4.2.1 Compounds thermal decomposition behavior  
A mutual interaction between fibers and matrix is shown in Figure ‎4-6. The natural 
fibers release carbohydrates with a high boiling point (Tbp. > 160 °C) which could not 
be detected by FTIR. The polymer “PP” releases also long-chain oligomers with a 
high boiling point. These oligomers clogged the transfer-line to the mass 
spectrometer and the KBr-Window is fogged as shown in Figure ‎4-6.  
It is here very interesting to notice that the decomposition of natural fibers is not 
affected by the host polypropylene matrix. All decomposition products of the pure 
fibers were detected in the mass spectra of PP-H and PP-S (Figure ‎4-7).  
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Figure ‎4-6: TG and FTIR spectra of a) PP-H b) PP-S 
 
Figure ‎4-7a: Completed mass spectra of original Hemp fibers (left) and PP-H (right) (see Appendix A-
7) 
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Figure ‎4-7b: Completed mass spectra of original Sisal fibers (left) and PP-S (right) (see Appendix A-8) 
4.2.2 Compounds enthalpy changes  
To study the endothermic and exothermic changes in the compounds at physical and 
chemical transitions, the differential scanning calorimetry analysis (DSC) is applied 
as mentioned in section ‎3.4.10. Compound characteristics namely melting point and 
heat of fusion are taken only from the second heating cycle to avoid the effect of 
thermal stresses from the manufacturing process on the readings (see Figure ‎4-8).  
It is obvious from Table ‎4-1 that all compounds induce an increase in the melting 
temperature in comparison to the pure polymer matrix. On the other side, the 
recrystallization temperature of the compounds is 2-3°C lower than that of PP. This 
could be attributed to the addition of the coupling agent co-polymer MAPP to the PP 
matrix in the compounds. MAPP has a lower molecular weight and therefore a lower 
melting point than pure PP which lowers the melting point of the whole compound. 
In addition, the recrystallization Enthalpy (ΔHc) shows the same decreasing trend. 
Since the fibers represent only 30% of the total compound weight, and since 
recrystallization occurs only in the PP matrix, therefore each measured enthalpy has 
to be divided by 0.7 to obtain the representative ΔHc of the PP.   
By following this method, the following enthalpies are deduced: 
ΔHc(PP-H) = 77.48 [J/g] 
ΔHc(PP-S) = 71.82 [J/g] 
ΔHc(PP-30%Sisal) = 94.61 [J/g] 
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Figure ‎4-8: DSC of (a) PP (b) PP-H  
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Figure ‎4-8: (c) PP-S (d) PP-30% Sisal 
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Table ‎4-1. DSC results of PP, PP-H, PP-S and PP-30%Sisal 
Material Melting Temp 
[°C] 
Fusion Enthalpy 
[J/g] 
Recrystallization  
Temperature 
[°C] 
Recrystallization 
Enthalpy 
[J/g] 
PP 161.82 66.78 123.3 69.65 
PP-H 163.27 53.47 120.5 54.24 
PP-S 162.26 48.17 121.36 50.28 
PP-30%Sisal 161.18 63.07 119.97 66.23 
This indicates that addition of fibers (regardless of type) enhances crystallization 
(reflected in the increase of ΔHc). This is attributed to the action of fibers (foreign 
bodies in matrix) as nucleation initiators in the PP matrix.  
4.2.3 Compounds thermal conductivity and heat capacity  
After determining the melting temperatures of the compounds and the pure matrix, 
thermal conductivity is to be determined and correlated with the melting behavior. It is 
expected that most of fluctuations to happen around the melting temperature where a 
phase change takes place due to breakage of internal chain bonding under the 
supplied energy as a preparation to the melting step. Free moving molecules are 
known to have better ability to conduct energy which is obvious from the peaks in 
Figure ‎4-9. Maximum thermal conductivity is attained at the crystallization 
temperature of 120°C. After that, the increase of amorphous share releases the 
contact pressure of the sample which in turn decreases the thermal conductivity.  
The behavior of thermal conductivity is similar to that of the reverse specific heat 
capacity ‘Cp’. Cp increases till the 150-160°C range before it decreases again with the 
start of melting. 
 
 
 Figure ‎4-9:  Effect of temperature on the thermal conductivity of PP-S 
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4.3 Morphological Properties of Hemp and Sisal fibers 
Hemp and sisal fibers are natural fibers gained from Cannabis and Agave sisalana 
respectively. Hemp is usually extracted from the bast of the plant whereas sisal is 
extracted from the leaves of the Agave. In nature, leaves perform a total different 
function than the bast tissues which reflects on both physical and chemical structure 
of the fibers. Plant leafs unlike the stem undergo severe torsional and flexural 
stresses which require superior mechanical properties. Since cellulose, hemi 
cellulose, lignin and pectin are the main components of natural fibers, they are 
responsible of defining the properties of the natural fiber according to their 
percentages.  
In Hemp, cellulose represents 61 wt.-% whereas hemicellulose and lignin have 
shares of 24 and 10 wt.-% respectively [Pan06]. On the other hand, sisal contains  
73 wt-% cellulose, 13 wt.-% hemicellulose and 11 wt.-% lignin [Mwa02]. Since 
cellulose is the main constituent of the fiber, the variation in cellulose percentage 
(around 10% between sisal and hemp) and the orientation of its micro-fibrils are 
significant to the fiber properties. 
Cellulose is distinguished by its high crystallinity which gives the stiffness to the 
structure. Hemicellulose on the other hand, is amorphous cellulose which provides 
the fiber with flexibility, elongation and increased reactivity. 
Reviewing the previous composition of each fiber, it is expected that the hemp fiber 
will act differently than the sisal fiber. Hemp fiber is more flexible, and has a very 
irregular curled form due to the presence of large amount of hemicellulose. Sisal on 
the contrary is stiffer with a defined straight form.  
To be able to understand the effect of the fibers’ type on the resulting compound 
properties, fibers’ morphology is investigated in order to understand the differences 
between fibers regarding the shape and size distribution. Table ‎4-2 illustrates hemp 
and sisal original fibers (before compounding) using different techniques.  
As mentioned before in ‎2.4.4, the fiber stiffness is significant to the behavior of fiber 
in the polymer melt. Sisal fibers being stiff, tend to splice and break under stress 
depending on the diameter with less affinity to form agglomerations. Flexible hemp 
fibers on the contrary bend under stresses and have high affinity to agglomerate and 
build fiber clusters. The behavior of both fibers in the polymer melt can be easily 
adapted to the fibers behavior illustrated in figures 2-15 and Table ‎4-2.  
QicPic measurements using the dry system RODOS at applied pressure 1 bar are 
listed in Table ‎4-3. It can be noticed that sisal fibers prove a narrower distribution for 
both length and diameter measurements in comparison to hemp fibers. In addition, 
considering sisal nature being stiffer than hemp and twice larger in size will reflect on 
both mechanical and rheological behavior of its compound compared to hemp as 
discussed later in section ‎4.5 
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The difference in the stiffness between sisal and hemp fibers has also a significant 
effect on the resulting fiber shape after compounding. Before entering the 
compounding process where natural fibers are introduced to the matrix in the 
kneading machine to produce the required compound, both sisal fibers and hemp 
fibers show no agglomerations as shown in the photos extracted from the photo 
gallery of the QicPic measurements (RODOS and LIXELL) in Figure ‎4-10.  
Table ‎4-2. Morphology of extracted fibers  
 Hemp Sisal 
 
Schematic 
  
 
Microscop
e 
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QicPic  
Photo 
gallery  
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After compounding, sisal being stiff does break and splice under the applied shear 
forces between the extruder screws forming separate fiber fragments. Hemp fibers 
on the contrary, being flexible tend to tangle and agglomerate together forming 
clusters of fibers after undergoing relative reduction in length and diameter in 
comparison to sisal as shown in the same figure.  
Table ‎4-3. Measurements of fiber size using QicPic 
 Sisal Hemp 
Q1 Original Compounded Original Compounded 
     
Length [µm] 4709 1860 3293 2200 
     
Diameter 
[µm] 
223 99 72 43 
     
QicPic 
distribution 
diagram 
   
 
 
 
Figure ‎4-10:  Development of fiber shape after compounding for both sisal and hemp 
4.4 Moisture Absorption of Sisal and Hemp Fibers 
Moisture absorption tests are very important to characterize both fibers and 
compounds to be able to set the processing conditions to assure a good quality of 
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the injected compound. In this case, the injected products are all samples which will 
be further tested, so the quality of the samples is very important to give conclusive 
results and representative analysis. Moisture absorption tests are performed on both 
neat sisal and hemp fibers and their compounds. Literature values show an average 
moisture content for sisal of around 9% whereas hemp around 10% As shown in 
Figure ‎4-11, neat fibers of sisal and hemp follow almost identical course in moisture 
absorption whereas hemp lands at a slightly higher moisture content than sisal. After 
180 min, sisal and hemp reached 9% and 9.5% moisture contents respectively. This 
difference in the absorbed moisture contents is attributed to the content of 
hemicellulose in each fiber type. As previously mentioned in ‎4.3, hemp possesses up 
10% higher amount of hemicellulose which are responsible of the moisture 
absorption [Cel13].  
  
Figure ‎4-11: Effect of time on moisture absorption for different composites 
On the contrary to neat fibers, both sisal and hemp compounds show very low levels 
of moisture content where after 3 hours, both sisal and hemp compounds reach only 
0.7% moisture content. This result was expected due to the hydrophobic nature of 
the surrounding PP matrix which prevents the moisture absorption by fibers in case 
there is no open cut.   
Understanding the hydrophilic behavior of sisal and hemp fibers and its influence on 
the properties of the compound especially in the characterization phase is very 
important for the quality of this research. Moisture absorption leads to volumetric 
nonconformance and instability inside the compound. Moisture absorption at room 
temperatures leads to the swelling of the fibers embedded in the PP matrix which in 
turn generate internal stresses. At temperatures, higher than 100°C such as common 
processing temperatures for injection molding of around 200°C for PP matrix 
compounds, evaporation of the trapped humidity inside the compounds occurs.  
This in turn leads to several uncontrolled effects such as shrinkage of fibers and 
simultaneously formation of internal pores in the injected sample [Cel13].  
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This volumetric change between the fiber and the matrix cause the de-bonding of the 
fibers from the matrix PP which in turn leads to the drop of the mechanical properties 
due to failure in the load transmission. Figure ‎4-12 illustrates these effects 
schematically.  
 
 
Figure ‎4-12:  Effect of volumetric change between the fiber and the matrix on fibers’ debonding 
To avoid these effects, all the compounds and samples under examination are dried 
in oven at 100°C for 24 h before injection.  
4.5 Rheological Properties of Sisal and Hemp Compounds 
Rheology is one of the most important characteristic aspects when studying the flow 
of non-Newtonian fluids such as NFTC, especially for injection molding applications. 
It gives direct and indirect information about the flow behavior of the filled polymer 
melt under application of temperature and different shear rates. This is very important 
to develop an understanding about the behavior of the polymer melt during injection 
and during mold filling. Although the viscosity of NFTC is dependent on the matrix 
properties, fillers – especially natural fibers – play a very important role in influencing 
the melt viscosity. Natural fibers being a natural product unlike synthetic fibers have a 
wide span of geometries within the polymer melt. Being flexible, curly and having 
rough surface, natural fibers possess the ability to form agglomerations and fiber 
clusters within the polymer melt. Applying low shear rates, can give the clusters the 
needed time to de-agglomerate and to distribute among the matrix and hence cause 
higher rheological readings. By applying high shear rates simulating that of the 
injection molding process, the fiber clusters are forced in the flow direction without 
de-agglomerating and thus the matrix properties dominate the compound viscosity. 
To better understand this effect all materials under study are measured at both low 
and high shear rates. 
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4.5.1 Viscosity of Sisal and Hemp Compounds 
In Figure ‎4-13a, the variation in the viscosity of the compounds is significant. The 
sisal fibers with the lower tendency to agglomerate are better distributed in the matrix 
and hence increase the overall viscosity of the compound. The two sisal compounds 
PP-S and PP-30%Sisal have identical behavior and represent the highest viscosity 
followed by the pure PP matrix (457 Pa.s with respect to the 381 Pa.s of PP at 100 
1/s using the plate rheometer).  
Hemp compound (PP-H), shows an unexpected behavior where its viscosity value 
drops below the value of the pure matrix. This could be attributed to the formation of 
several fiber clusters which are not distributed over the matrix and hence only the PP 
properties dominate. The lower viscosity value than the pure PP matrix could be 
explained by two factors:  
 Presence of fiber clusters within the matrix cause the development of micro 
flow in the polymer melt which induces excess internal shear forces and cause 
the thinning of the compound [Ram14b]. This unexpected behavior matches 
with the flowability results after recycling for PP-H as discussed later in  
chapter ‎5. 
 As previously mentioned in section ‎4.1 for the thermal properties, at 200°C – 
which is the testing temperature – as proven previously, the hemp starts to 
degas and produce volatile compounds which cause the decrease of the 
overall compound viscosity. 
Under very high shear rates up to 10000 [1/s] (using the high-pressure capillary 
rheometer), the influence of the fibers demolishes and only the matrix rheological 
properties dominate as seen in Figure ‎4-13b. 
It can be noticed that all compounds although having different reinforcing fibers 
possessing different properties in addition to the pure PP matrix, show parallel trends 
of viscosity.  Here it is worth mentioning that some differences in the readings are 
present because of the difference in the method of operation between plate 
rheometer and high-pressure capillary rheometer. For the plate rheometer 
(measuring low shear rates, a simple correction is to be applied for non-Newtonian 
fluids to compensate the difference in shear rate from the center to the edge of the 
plate. This correction is mainly based on the measured rotational moment of the plate 
and characteristic local shear rate.   
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(a) (b) 
Figure ‎4-13:  Rheological behavior of NFTC compounds (a) Rheometer at T=200°C (b) High pressure 
capillary rheometer at T=200°C 
The high-pressure capillary rheometer measures the viscosity indirectly by measuring 
the pressure difference at two dies at which the polymer melt flows. In this case two 
corrections should be applied: Weißberg-Rabinowitch-Correction and Bagley 
correction. Rabinowitch correction is used to compensate the error in reading caused 
by flow of non-Newtonian fluids where a valid shear rate could be calculated.  
Bagley correction is applied to compensate the error in pressure reading due to die 
entrance effect to obtain the true shear stress and consequently calculate the true 
viscosity of the measured fluid.   
4.5.2 Flowability of Sisal and Hemp Compounds 
As mentioned in ‎3.4.1, the flowability of the compounds is investigated by measuring 
the flow length using the spiral flow method to determine the mold filling behavior of 
the compounds during injection molding. Pure PP represents the highest flowability in 
comparison to the other PP-S and PP-H as shown in Figure ‎4-14. The least 
flowability of PP-H is attributed to the agglomeration of the branched hemp (before 
recycling). 
Contradictorily to the viscosity results, PP-H which has the lowest viscosity shows 
less ability to flow in the spiral mold than the PP-S with the higher viscosity. To be 
able to understand this phenomenon a better understanding of the flow and the 
distribution of the fibers along the spiral length is required [Ram14a]. Literature report 
several cases of a non-single-phase flow due to phase separation between 
reinforcing fibers and polymer matrix during injection molding specifically at mold 
entrance [Syk09].  
This phase separation occurs due to the difference between the densities of the 
reinforcing fibers and the polymer matrix. Under high pressure and injection rate, the 
fibers with higher densities flow faster than the polymer matrix and hence phase 
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separation occurs. This multi-flow system is best studied using the spiral test which 
represents a one-dimensional flow.  
 
Figure ‎4-14:  Spiral flow length of NFTC compounds  
Phase separation is not only limited to the difference in the densities, it extends also 
to the fibers shape and size where longer flexible fibers behave differently than the 
stiff fibers. Development of a deep understanding of the flow of the hemp and sisal 
compounds is essential to construct a scientific foundation to further study the effect 
of recycling on these compounds. In order to achieve this, a qualitative assessment 
of the fibers distribution along the spiral length is performed as described in ‎3.4.3 
and ‎3.4.4. 
By analyzing the original granules, a deviation of the fiber weight content from the 
nominal 30 wt-% value could be determined where PP-S and PP-H have 26.7 wt-% 
(0.5 std. dev.) and 31.3 wt-% (0.8 std. dev.) respectively. However, these values of 
fiber content are not constant along the spiral length. As seen in Figure ‎4-15a, fiber 
content at position 10 cm shows the lowest values over all spiral positions besides 
the original granules. For PP-S the fiber content ranges between 22.1 – 40.4 wt.-%, 
whereas PP-H ranges between 28 – 36.3 wt.-%. By neglecting the fiber content value 
of the original granulates, an increasing linear trend could be easily detected for both 
PP-S and PP-H. 
It is also noticed that the minimum and maximum fiber content values for both 
compounds balances nearly around the spiral midpoint. The fiber content value at 
this point corresponds to the fiber content of the original granulates as illustrated in 
Figure ‎4-15b. This finding was also reported in several studies where Kubat [Kub74] 
detected the presence of a fibers concentration gradient along the flow axis of the 
reinforced polymer melt.  Kubat reported a reduction in the fiber content after entering 
the spiral mold followed by a linear increase till reaching a maximum at the tip of the 
spiral passing by the average (original) fiber content.  
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(a) (b) 
Figure ‎4-15: Change of fiber content along the spiral length (a) Experimental   (b) Trend lines 
[Ram14a]  
This can be explained as follows: at first, the polymer melt undergoes turbulent flow 
conditions at mold entrance. This flow disturbance in addition to the difference in 
densities between fibers and matrix causes phase separation where matrix and fibers 
flow at different velocities.  
This phase separation causes the fibers to agglomerate together forming fiber 
clusters. Secondly, the formation of a solidified layer of polymer of the surface of the 
mold cavity causes extra shearing stresses between the flowing melt and the surface 
of the solidified layer. In addition, the solidified layer causes the shorter fibers to 
attach to it where the longer and larger diameter fibers continue to move along with 
their inertia. Disturbed by the turbulences and the shearing forces, these long fibers 
tangle together and form fiber clusters. These fiber clusters move as one body with a 
reduced surface area in comparison to single homogenously distributed fibers. 
According to the principal of energy conservation, the reduced polymer interfacial 
surface of the fiber clusters leads to better flow conditions (longer flow distances) due 
to the reduced matrix resistance. This in turn results in obtaining higher fiber content 
at the tip of the spiral. Formation of flowing fiber clusters within the polymer melt is 
highly dependent on the fibers’ shape and dimensions. Table 4-4 lists the fibers’ 
lengths and diameters at different distances along the flow axis. It can be easily 
noticed that for hemp and sisal fibers, the longest fibers and the largest diameters are 
found at the end of the flow length, which emphasizes this theory.  
Table ‎4-4. Fiber dimensions at certain positions along the spiral of PP-S and PP-H 
 Flow [cm] length 
l1 
 
l2 
Average std diameter 
d1 
 
d2 
Average Std 
P
P
-H
 10 445,77 339,49 392,63 75,15 20,04 17,78 18,91 1,60 
30 434,05 392,21 413,13 29,59 43,68 12,46 28,07 22,08 
60 525,84 383,42 454,63 100,71 44,81 14,21 29,51 21,64 
P
P
-S
 10 753,38 329,21 541,30 299,93 62,07 21,84 41,96 28,45 
40 673,69 900,15 786,92 160,13 31,06 72,04 51,55 28,98 
80 927,02 570,50 748,76 252,10 77,98 19,98 48,98 41,01 
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The fiber length increased by 27% for PP-S and 14% for diameter.  For PP-H, 14% 
increase in the length and 37% increase in diameter is also recorded. This means 
that fiber shape quantitative analysis is essential to explain the difference between 
PP-S and PP-H in terms of fiber content distribution along the flow axis.   
4.6 Conclusion 
Decomposition of natural fibers is not affected by the host polypropylene matrix.  
All decomposition products of the pure fibers (Carbohydrates, water, carbon dioxide 
and acetic acid) are detected in the mass spectra of PP-H and PP-S.  
Addition of fibers enhances nucleation and crystal growth. Also leads to the increase 
of viscosity, decrease of spiral flowability and the increase of water absorption. Sisal 
compounds present relative higher viscosity with respect to the pure PP matrix, with 
values 457 Pa.s and 381 Pa.s respectively at 100 1/s. Hemp compound (PP-H) has a 
lower viscosity. This is attributed to the fiber branching which induces agglomeration 
at least in the first compound form before recycling.  
Fiber morphology shows the branching flexible nature of hemp fibers in comparison 
to the straight and stiff nature of sisal fibers. This will help in modeling the effect of 
fiber type on the flowability and afterwards on the mechanical properties. The 
qualitative description of the fiber morphology is validated by the QicPic images. 
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5 Effect of Recycling on Characteristics of Sisal and Hemp 
Compounds 
Recycling influences the behavior of the compound in several ways depending on the 
resulting properties of both matrix and fibers as a result of applying extensive shear 
and thermal stresses. Within this chapter, the effect of the recycling on the resulting 
compounds’ properties will be discussed based on the change in the fibers 
morphology and compounds’ rheological behavior after recycling. The discussion will 
focus mainly on the first four to five cycles according to the discussed property.  
In some particular cases where some emphasis is required, further cycles could be 
included for justification purposes.  
 
Figure ‎5-1: Chapter 5 flow chart 
As shown in Figure ‎5-1, the effect of recycling on fibers’ shape and size will be 
thoroughly discussed in ‎5.1 and will serve as a basis for understanding the change in 
the rheological behavior and flowability presented in ‎5.2. Afterwards in ‎5.3, effect of 
recycling on thermal properties of the compounds will be presented. Since 
crystallization behavior is a very important aspect when dealing with thermoplastics 
especially for injection molding processes, crystallization behavior of recycled 
compounds is also discussed in this section. Enlightened by the previous knowledge, 
the change in mechanical properties in relation to recycling which will be explained 
in ‎5.4. Information gathered from these results will serve as an input for the modeling 
of fiber flow behavior and mechanical properties under recycling which is to be 
discussed in chapter 6.  
Finally, the knowledge gained from the discussions is summarized in an informative 
conclusion. 
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5.1 Effect of recycling on fibers’ morphology and polymer structure 
As mentioned in ‎2.4.4 and illustrated in Figure ‎2-14, it is assumed that the 
mechanical properties of the composite are dependent on the development of the 
fiber size, shape and coupling with the PP matrix. In order to verify this assumption, 
dynamic image analysis (QicPic) and microscopic investigations in addition to 
electron scanning microscope investigations are performed.  
5.1.1 Fiber size 
The reduction in fiber size (length and diameter) is detected by QicPic and key 
results are listed in Table 5-1 below with supporting pictures.  
Table 5-1. Fiber dimensions and fiber gallery at different cycles of PP-S and PP-H 
 [µm] Original C0 C1 C4 
S
is
a
l Length 4709 1860 1358 837 
Diameter 223 99 95 16 
 
QicPic 
Photo  
Gallery 
 
 
 
 
 
Microscopi
c Pictures 
    
H
e
m
p
 
Length 3293 2200 2085 686 
Diameter 72 43 37 27 
QicPic 
Photo 
Gallery 
 
 
  
Microscopi
c Pictures 
    
From Table 5-1, it is obvious that sisal fibers undergo successive reduction in length 
till cycle 4. On the other hand, the diameter remains constant with a value around 
100 µm for the first cycles, afterwards a significant reduction in diameter at C4 
occurs.  This could be attributed to the effect of the severe shear forces in the 
extruder screws which cause the fragmentation and splicing of the stiff large sisal 
fibers till the critical length/diameter is achieved where the fibers could easily flow in 
between the cavities of the two screws without being affected by further recycling. On 
the other hand, hemp fibers show a slightly different behavior where a significant 
reduction in size occurs in the first compounding step C0. Afterwards hemp fibers 
length and diameter remain almost constant till cycle 4 where a second significant 
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size reduction occurs. To evaluate the influence of the multiprocessing steps, the 
fiber length and diameter are determined via dynamic image analysis sensor QICPIC 
using the wet method LIXELL. The effect of recycling on the fiber dimensions and 
fibrillation in both hemp and sisal is obvious. The fiber shape in Table 5-1 resembles 
the theory of fiber size deterioration during multi-processing cycles schematically 
shown in Figure 2-7. The results are statistically evaluated using the second moment 
Q2 using Equation 5-1.  
𝑸𝟐 =
∑ 𝑿𝒊
𝟐𝒏
𝒊=𝟏
𝒏
 
Equation 5-1 
Where “X” is the fiber size (diameter or length) and “n” is the number of measured 
fibers. The second moment is selected for the evaluation because it gives more 
weight for the fiber with larger lateral surface area and consequently the effect of 
small fibers which do not impart in reinforcing and load transfer is reduced. Figure ‎5-2 
shows selected frames taken from the dynamic imaging.  
 QicPic Photo Gallery 
 C0 C4 
S
is
a
l 
  
H
e
m
p
 
  
Figure ‎5-2: Dynamic image system of sisal and hemp fibers at C0 and C4 using QICPIC (M8 lens) 
Figure ‎5-3 shows the results of length measurement for C4 for extracted sisal (a) and 
hemp (b) using the image analysis software which analyzes the fibers regarding the 
continuous length and diameter. Each graph shows five successive length 
measurements for the same sample.  
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(a) 
 
(b) 
Figure ‎5-3: An example of the results taken from QICPIC showing the fiber length distribution of  
(a) PP-S and  (b) PP-H at C4 
 
For the investigated cycles, the sprue position is considered the original situation 
before being subjected to further shearing and fibers separation during spiral 
injection. This is justified by Figure 5-4, where fiber lengths were measured for all 
positions in the injected spiral. It is obvious that the fiber length for the sprue position 
represents the average fiber length for all positions.   
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(a) (b) 
Figure ‎5-4: Effect of recycling on fiber length (a) Fiber length at C0 and C4 (b) positions of fiber 
extraction for QicPic measurement 
Figure ‎5-5 presents the median fiber length of the extracted hemp and sisal fibers 
from the sprue position. The fiber length decreases in a negative logarithmic function. 
Stable values are reached starting from the second and third cycle according to fiber 
type. On the other side, Figure ‎5-6 shows the change in fiber diameter for both fibers. 
It is obvious that the first cycle has the largest influence on the fibers size reduction 
(length and diameter) afterwards; the reduction follows a very steep slope.  
   
Figure ‎5-5:  Median fiber length of PP-S and  
PP-H taken from the sprue extracted fibers at 
different cycles 
Figure ‎5-6:  Median fiber diameter of PP-S and 
PP-H taken from the sprue extracted fibers at 
different cycles 
It is important here to mention that diameter measurements must be carefully 
considered. QicPic numerical analysis system based its calculation on the measuring 
the fibers transversal size and consider it the diameter of the fiber. This is correct in 
case of synthetic fibers which have standard circular cross section. However, natural 
fibers being a natural product have different cross sections varying from circular to 
oval to flat for the same fiber type in the same compound as illustrated in the 
microtome sections in Figure ‎5-7. A microscopic investigation of the microtome slices 
is carried out to determine the fiber shape and orientation. The injected samples of 
PP-30%Sisal and PP-H at C0 (shown in Figure ‎3-13) are cut to four positions at even 
distances. The structure shows long fibers concentrated at the end of the rectangular 
0,00
500,00
1000,00
1500,00
2000,00
2500,00
3000,00
C0 C1 C2 C3 C4
P
ar
ti
cl
e
 S
iz
e
 [
μ
m
] 
Cycles 
P P - 3 0 % S I S A L  Sprue Bottom
Middle Tip
0
500
1000
1500
2000
2500
3000
3500
4000
4500
5000
-1 0 1 2 3 4
L 
[m
m
] 
Cycle # [-] 
Sisal
Hemp
Original 
fibers 
0
50
100
150
200
250
-1 0 1 2 3 4
D
 [
m
m
] 
Cycle # [-] 
Sisal
Hemp
Original 
fibers 
Amna Ramzy Recycling Aspects of Natural Fiber Polypropylene Composites 
 
64 
sample which also matches with the results from the spiral test for sisal sample. 
Additionally, the edge of the sample has more cross-sections of fibers. This indicates 
that the fibers are oriented with the direction of the flow. The reason is that the high 
shear at sidewalls helps in the orientation of the stiff sisal fibers. Hemp fibers show 
different behavior, where much less orientation could be detected. This is attributed 
to the flexible nature of hemp fibers which tend to bend under stresses rather than 
orient to a special position. The orientation of hemp fibers could only be detected at 
the upper edge of the sample where the injection flow occurs. 
 10 µm (x100) 
 PP-30%sisal PP-H 
 
 
  
 
 
 
        
 
 
  
Figure ‎5-7: Microscopic pictures of microtome sections taken from four cross sections of PP/30% sisal 
and PP-H at C0 
5.1.2 Fiber aspect ratio 
Critical aspect ratio is the minimum fiber length to diameter ratio required to reach the 
maximum adhesion shear strength. Based on the results of lengths and diameters, 
the aspect ratio of the fiber can be calculated as in Equation 5-2. 
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𝑨𝑹 =
𝑳
𝑫
 
Equation 5-2 
Where ‘L’ represents fiber length, ‘D’ is the fiber diameter and ‘AR’ is the aspect ratio. 
Results of the aspect ratio are then illustrated in Figures ‎5-8 and 5-9. AR values 
decrease from 18 at C0 to 7.4 at C2 for sisal fibers. Afterwards, an increasing trend 
till C4 is observed where AR reached 50. Hemp fibers show a different behavior 
where the aspect ratio remains almost constant till C3 (51.1) then drops at C3 to 
almost the half (24). Taking into consideration that not only fiber length decreases 
due to recycling, but also a decrease in the fiber diameter occurs, the increase of AR 
after C2 could be easily comprehended.  
According to [Bos04], the critical aspect ratio for flax (L=400 µm, D= 15 µm) is 26. 
Pickering [Pic16] investigated the critical length of Hemp and sisal fibers in PP matrix 
with MA-PP coupling agent and reported values of 0.67 and 2.3 mm respectively.   
In another research [Bou07] reported lower values for sisal and hemp aspect ratios 
where for the original compounds’ AR values. For PP-Hemp treated with maleic 
anhydride, aspect ratios of 8.5 and 7.5 for C0 and C4 respectively are reported.  
PP-Hemp compound without malice anhydride recorded lower values of 11 and 2.5 
for C0 and C4 respectively. For PP-Sisal, values of 9 and 4 for the aspect ratio of the 
original compound and after 4 processing cycles are reported. 
  
Figure ‎5-8: Aspect ratio of extracted sisal fibers 
taken from the sprue extracted fibers at different 
cycles 
Figure ‎5-9: Aspect ratio of extracted hemp fibers 
taken from the sprue extracted fibers at different 
cycles 
This enormous difference in values between the researchers is attributed to the 
method of determination of fiber length. [Pic16] used the digital microscope to 
measure the fibers length where only a few number of fibers (av. 50 fibers / sample) 
are measured. Smaller fibers could be ignored during measurement due to the 
magnification limits. In this thesis, the QicPic method gives statistically reliable results 
(av. 300000 fibers / sample) where all fibers in range are measured. Therefore, the 
results of fibers especially sisal in Figure ‎5-8 are very promising since AR is above 
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the value 26 after recycling. This demonstrates that sisal fibers are more suitable for 
recycling since their load transfer ability is not critically affected.   
5.1.3 Fibers distribution  
As previously discussed in Figure ‎5-4, the fiber lengths vary along the spiral length 
where longer fibers are always found at the tip position and shorter fibers are found 
at the bottom. The effect of recycling on this behavior is studied in this section on  
PP-S. Trend lines of different cycles are shown in Figure ‎5-10, Figure ‎5-11 and  
Figure ‎5-12 for fiber length, diameter and aspect ratio respectively. Samples taken 
from sprue are plotted at -10 mm for illustration purposes. The following information 
could be concluded from both figures: 
 The slope of fiber length with respect to position is positive for all cycles. This 
means that longer fibers can be injected for longer distances, 
 Fiber length decreases by recycling where fiber length of C0 is the longest and 
C4 is the shortest 
 The decrease in fiber length due to recycling is minimized after C3. Therefore, 
the fiber length along the spiral after C3 is close to that after C4 
 Fiber diameter decreases along the spiral length especially in the first cycles 
like C0 and C1 
 The magnitude of the slope describing the diameter reduction is significant at 
the original batch C0. Then the magnitude is decreased at C1 and then it 
almost vanishes at C4. This means that the fiber size is reduced enough so 
that it is not anymore able to be spliced (smallest diameter) 
 Aspect ratio increases by the increase of the cycle number. 
 
Comparing these results with [Els17], equivalent results are obtained. For instance, 
Elsabbagh [Els17] has shown also that the longer fibers are injected for longer 
distances. However, he described the fiber length as well as fiber content analytically 
in non-linear empirical equations.  
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Figure ‎5-10: Development of the median 
extracted fiber length along the spiral length at 
different cycles 
Figure ‎5-11: Development of the median extracted 
fiber diameter along the spiral length at different 
cycles 
 
Figure ‎5-12: Development of the fiber aspect ratio along the spiral length at different cycles 
Another effect of recycling on fiber structure and distribution could also be concluded 
from Figure ‎5-13a&b. It is remarkable that larger and longer fibers are present at C0 
more than C4. It also can be noticed that at C4, the fibers are more homogeneously 
distributed over the matrix, whilst at C0, the fibres form more agglomerations.  
This leads to the conclusion that recycling has a positive effect on the homogeneity of 
the resulting compound which reflects afterwards on the mechanical properties as will 
be later discussed in ‎5.4. 
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C0 
10µm (x100) 5µm (x600) 
  
  
  
  
Figure ‎5-13a: Microscopic structures taken from four cross sections of PP/30% sisal at C0  
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C4 
10µm (x100) 5µm (x600) 
  
  
  
  
Figure ‎5-13a: Microscopic structures taken from four cross sections of PP/30% sisal at C4 
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5.2 Effect of recycling on rheological behavior of sisal and hemp 
compounds 
5.2.1 Flowability 
Recycling of NFTC affects not only the molecular weight of PP and the fiber length, 
but also the rheological aspects of the material. Rheological properties correspond to 
some aspects such as the viscosity and the flowability of the material. Viscosity 
describes the material flow quantitatively. Flowability measurement, by the injection 
of spirals, is a qualitative description for how long the material can flow through a 
spiral mold with certain dimensions under certain process parameters (Pressure, 
mold temperature, polymer temperature…). 
Based on the discussions in the previous section 5.1especially figures 5-8 and 5-9, a 
theory about the expected flow behavior of the compounds after recycling could be 
crystallized. Hemp and sisal fibers are selected to investigate the effect of the fiber 
type and shape on the flowability of NFTC and hence verify the theory. Evolution of 
compounds flowability is expected to pass by three main stages which comply with 
the changes in the fibers dimensions.  
 Stage 1 (C0): Fibers are still long and thick in case of sisal or are tangling together 
forming agglomerations in case of hemp which leads to a lower flowability than 
expected. 
 Stage 2 (C1 – C2): Where a massive reduction in both length and diameter of fiber 
occurs leading to a significant positive change in the flowability. 
 Stage 3 (> C3): A slight change in flowability could be detected due to the 
homogeneous distribution of the fibers in the matrix after size reduction and 
successive shear stresses during recycling.    
Study of fiber discusses the effect of the shape (straight or branched) and the effect 
of the type (stiff or flexible). Sisal represents the type of short stiff fiber without 
branching while the hemp fiber represents the flexible branching type of fibers. 
Based on the morphology of both fibers (hemp and sisal), it is expected that both  
PP-S and PP-30% Sisal will perform better flowability results than PP-H due to the 
straight form and stiffness of the reinforcing sisal fibers which hinder the formation of 
agglomerations.  
To verify this theory, spirals are injection molded as described in section 3.4.1 and 
the lengths of the spirals are measured in cm. The average length is used as an 
indicator for the spiral flowability. Number of samples is 10 samples per each cycle. 
Flowability tests are also carried out on PP samples as reference.  
Figure ‎5-14 presents the average spiral flow length for each cycle. The flowability 
behaviors are presented in continuous form although they are out of discrete and 
integer number of cycles. But for better illustration, continuous curves are used. The 
following remarks can be deduced out of the flowability results: 
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Figure ‎5-14: Effect of recycling number on the flowability for PP and different compounds (spiral test) 
 Generally, Increasing the number of recycling times increases the flowability 
length, 
 The increase in flowability does follow more than single linear trend. The 
flowability increases remarkably in one or two cycles. Then, the flowability 
increases slightly in a logarithmic trend. Logarithmic trend is more suitable in 
describing the breaking events of fibers along the consequent reprocessing 
cycles. The slope of the logarithmic function decreases with more cycles which 
is not the case with linear functions, 
 The presence of fibers with PP affected the flowability of the composite 
negatively in comparison to the flowability of the pure PP. Flowability values of 
both types of NFTC at any cycle are less than that of the flowability of PP by 
15-25% depending on the fiber type and the cycle number, 
 By increasing the number of cycles, the flowability of both fibers are coming 
closer to each other. This can be explained by the fiber length relation with the 
total viscosity and flowability [Els17]. The fiber length after each cycle can be 
correlated with fiber breakage. This can be attributed to the quick breaking of 
sisal fibers after one cycle. Further cycles do not induce much breakage of 
fibers and hence flowability is not significantly enhanced. Hemp fibers due to 
flexibility and branching are also broken to smaller ones after the first and the 
second cycles but further cycles still induce relatively significant fibers 
breakage, 
 PP-H has flowability values less than that of PP-S and PP- 30% Sisal. This 
can be attributed to the fiber shape. The effect of fiber type is discussed in 
[Els15a]. Figure ‎5-15 shows previous results obtained on non-recycled NFTC 
injection molded at the same parameters (1000 bar and 200°C). Different fiber 
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types are used such as cellulose, flax, wheat straw, wood fiber, hemp and 
sisal. Flax and hemp belong to the bast fibers where fibers are branched and 
flexible. Sisal fibers are leaf fibers whereas wheat straw are grass fibers. 
Cellulose fibers are regenerated fibers acting like sisal but with higher aspect 
ratio and more flexible behavior (lower bending modulus). 
 The flowability of PP-H after one cycle does not change significantly. This 
indicates the presence of fibers still tangling or agglomerating. Afterwards, the 
flowability increases steeply indicating meaningful change in fiber size. It is 
obvious that the flowability behavior does not follow the pattern of E-modulus 
or tensile strength with respect to cycle number shown later in 5.4. 
 
Figure ‎5-15:  Effect of fiber type on the spirals’ flowability at 1000 bar injection pressure [Els15a] 
The theory of the flowability behavior can be justified in a quantitative manner to 
three stages as follows: 
a- Threshold shearing (in terms of cycle number) is required before a 
significant improvement in flowability is noticed. This stage is assumed to 
be characterized with tangling or agglomerating fibers. This is most likely to 
occur in the branched fibers like flax and hemp, 
b- The second stage is characterized with a sensitive flowability behavior. 
Flowability is remarkably enhanced with more recycling. The enhancement 
here can be interpreted theoretically in terms of fiber splicing and thinning 
besides to less agglomeration, 
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c- Third stage shows relatively slow improvement in flowability. This implies 
less effect of fiber change in size combined with the decrease in the 
molecular weight of the PP matrix. 
The three stages of flowability behavior are then dominated by three factors. The first 
stage is governed by the required threshold shear to loosen the entanglements. The 
second stage is controlled by the fiber branching whereas the third stage is finally 
controlled by the degradation of PP molecular weight. However, these assumptions 
of the three stages cannot be validated without microscopic evidences and fiber 
measurement. 
A schematic diagram illustrates the three stages theory in Figure 5-16, where the 
flowability is controlled by the fiber agglomeration, fiber shape and length. At stage 1, 
fibers are thick and may be tangling especially the hemp fibers. At stage 2, fibers 
start to be split, getting thinner and shortened. Stage 3 assumes fiber thinning and 
more shortening. This assumption of fiber’s sizing is validated by the QicPic 
measurements Figure 5-17. 
The viscosity measurements of the NFTC after several recycling will be helpful in 
explaining the flowability results. Thus, viscosity measurement can give a quantitative 
description for the spirals’ injection molding. This description can be further used in 
modeling and simulation of the NFTC flow. 
   
Figure ‎5-16: The presumed three stages of 
flowability at different cycle numbers showing 
the corresponding fiber shape and size. 
Figure ‎5-17:  Effect of the number of cycles on 
the spirals’ flowability for PP, PP-H and PP/30% 
Sisal 
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5.2.2 Viscosity 
To measure the resistance of the molten compound to the shear stress, viscosity 
measurements on the rotational rheometer with the low shear rate range of 0.01 up 
to 100 1/s at 200°C are performed.  
Graphs comparing the viscosity between all cycles are illustrated for better 
visualization of the results and to be able to deduce correlations. As discussed 
in ‎5.2.1, the main changes happen in the first three cycles. Therefore, just the original 
material C0 and the first subsequent cycles till C5 are presented. Figure ‎5-18 shows 
the decrease of PP viscosity by reprocessing. Figure ‎5-19 and Figure ‎5-20 show the 
following remarks in comparison with the behavior of PP: 
 Viscosity of PP does not change significantly after the third cycle (C3) 
indicating that there is no more remarkable molecular scissions, 
 Viscosity of filled polymers is higher than the unfilled PP.  
 The non-Newtonian range in filled PP is larger than unfilled PP.  
 Viscosity of PP-S and PP-H is reduced under the effect of recycling. However, 
the viscosity of the NFTC is magnified more than ten times in comparison with 
PP at the very small shear rates [0.01-40] 1/s. Afterwards, higher shear rates 
show that NFTC have close or even lower viscosity than PP.  
 The viscosity of PP, PP-S and PP-H at 100 1/s are 343, 197 and 192 
respectively, 
 It is important also to highlight the decreasing trend of PP-S viscosity 
regardless the shear rate, 
 The reduction in viscosity in case of PP-S follows a decreasing exponential 
function. PP-H shows oppositely a non-systematic trend. For instance, C0 and 
C1 have low viscosities with respect to C2 and C3 at least till 40 1/s shear rate 
approximately, 
 PP-H acts normally starting C2. C3 has lower viscosity than C2. This implies 
that the hemp fiber homogeneity within PP is not consistent and the viscosity 
of PP dominates the whole NFTC viscosity. However, the effect of hemp is still 
present because the viscosity behavior is not the same of PP at the 
investigated shear rate spectrum. 
Figure 5-21 shows the recycling effect on PP/30% Sisal (longer length and lower 
aspect ratio). The decrease of viscosity under the effect of recycling is relatively small 
in PP/30% Sisal in comparison with PP-S of Figure 5-19.  
The effect of fiber type on the measured viscosity is shown in Figure ‎5-22. Therefore, 
only the results of the original compounds (C0) are considered. PP-S has higher 
viscosity at C0 indicating a significant effect of fiber type. On the other side, both 
types of sisal fibers show similar viscosity results at C0. It should be recalled that the 
effect of the fiber dimensions is proved to be significant with the further recycling as 
shown in Figure 5-22, to Figure 5-27. 
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 At C0, PP-H shows relatively lower viscosity with respect to PP reinforced with sisal 
(PP-S and PP/30% Sisal). At higher cycle numbers, PP-H has viscosity higher than 
the sisal compounds as shown in Figure 5-24. Starting from C3, PP-H has high 
viscosity but then decreases rapidly with increasing shear rate, Figure 5-24, Figure 
5-25 and Figure 5-26. 
The viscosity measurement using rotational / oscillatory rheometer is limited to small 
range of shear rates. However, this small range can better represent the effect of 
fiber type, shape and cycle number on the viscosity.  According to a recent research 
in SPE [SPE16], it is proved that highly filled polymers undergo a special behavior 
under shearing as shown in Figure ‎5-28. At very low and very high shear rates the 
polymer compound shows a Newtonian behavior where the measured viscosities are 
considered the compounds’ η0 (zero shear viscosity) and η∞ (infinite shear viscosity) 
respectively. 
       
Figure ‎5-18:  Effect of the number of cycles on 
PP viscosity using rotational rheometer at 
200°C 
 Figure ‎5-19:  Effect of the number of cycles on 
PP-S viscosity using rotational rheometer at 
200°C 
         
Figure ‎5-20:  Effect of the number of cycles on 
PP-H viscosity using rotational rheometer at 
200°C 
Figure ‎5-21:  Effect of the number of cycles on 
the viscosity of PP/30% Sisal using rotational 
rheometer at 200°C 
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Figure ‎5-22:  Effect of the fiber type on NFTC 
viscosity at C0 using rotational rheometer at 
200°C 
Figure ‎5-23:  Effect of the fiber type on NFTC 
viscosity at C1 using rotational rheometer at 
200°C 
   
Figure ‎5-24:  Effect of the fiber type on NFTC 
viscosity at C2 using rotational rheometer at 
200°C 
Figure ‎5-25:  Effect of the fiber type on NFTC 
viscosity at C3 using rotational rheometer at 
200°C 
   
Figure ‎5-26:  Effect of the fiber type on NFTC 
viscosity at C4 using rotational rheometer at 
200°C 
Figure ‎5-27:  Effect of the fiber type on NFTC 
viscosity at C5 using rotational rheometer at 
200°C 
The non-Newtonian region lies between these two areas and is named Power-law 
region. This region describes the behavior of the compound especially the shear 
thinning phenomena under higher shear rates as shown in the same figure.  
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Fibers interact together due to its hydrophilic nature and attract together causing the 
increase of the non-Newtonian range by inducing high shearing stresses as a result 
of its friction with the matrix during motion resulting in the shear thinning effect. Thus, 
causing it to occur at lower shear rates than for the unfilled polymer melt. [TA 13] 
This theory is adapted to understand and analyze the rheological behavior and 
results of the studied compounds in this theory.  
The results shown in Figures ‎5-22 to ‎5-27comply with this model where the behavior 
at low shear rates is dominated by the fillers. Oppositely, the viscosity behavior at 
high shear rate is dominated by the polymer matrix behavior [TA 13]. 
The shear rate / viscosity behavior, as shown in Figure ‎5-28a, can be classified to 
three stages matching with the suggested 3-stage model of cycle number / flowability 
shown in Figure ‎5-28b. This relation between the two behaviors can be explained by 
means of energy conservation taking into consideration the inverse proportionality 
between flowability and viscosity. Absorbed energy at higher shear rates which 
causes thinning of the compounds, is proportional to the absorbed energy after 
repetitive cycles which also causes the increase in the flowability till a plateau is 
reached.  
The disadvantage of rheometer measurement is that the shear rate range does not 
meet the expected shear rates during the injection molding process. High capillary 
rheometer is more capable of implementing higher shear rates (<1E4 1/s).  
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Figure ‎5-28: Power-Law model vs. 3-Stage Model [SPE16] 
The objective of this wide range of shear rates is not only to measure the viscosity 
but also to check fibers coalescence when the compound is subjected to aggressive 
shearing. Fibers coalescence takes place when the fibers are not homogeneously 
distributed in the PP matrix [TA 13]. 
Figure ‎5-29 illustrates the recycling effect of PP/30% sisal on the viscosity at high 
shear rates up to 1.0E5 1/s. The measurements at different cycle numbers are 
getting close to each other by increased shear rate. These results match with the 
closeness of viscosities measured by the rheometer for the same material compound 
(PP/30% Sisal) in Figure ‎5-21. 
The results of both rheometer and high capillary for PP/30% sisal (C0 and C4) are 
plotted together to check their similarity. As seen in Figure ‎5-30, the rheometer 
results are almost 5% more than those of high pressure capillary technique. But the 
trends are parallel. The higher rheometer measurements trends meet those reported 
by Kirchberg [Kir11] and Khan [Kha09].  
The difference is attributed firstly to the use of the raw data without considering 
Bagley and Rabinowitch corrections regarding the pressure drop at entrance and the 
non-Newtonian flow respectively. 
 
Figure ‎5-29: Effect of the number of cycles on the viscosity of PP/30% Sisal using high capillary 
rheometer at 200°C 
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Figure ‎5-30:  Measured viscosity using rotational rheometer against viscosity of high capillary 
rheometer for PP/30% Sisal at C0 and C3 at 200°C 
5.2.3 Analysis of flowability versus viscosity measurements 
Sections 5.1 and 5.2 presented besides the morphology of fibers, the rheological 
aspects, namely flowability and viscosity, under the effect of different cycles. The 
logical question which should be addressed now would be: 
‘’Is there a consistent relation linking the flowability with the measured viscosity?’’ 
It is understood that the increase of flowability is a measure of decreasing the 
viscosity. Therefore, an index is proposed as following in Equation 5-3: 
 
𝑰𝒏𝒅𝒆𝒙 = 𝑭𝒍𝒐𝒘𝒂𝒃𝒊𝒍𝒊𝒕𝒚 𝒙 𝑽𝒊𝒔𝒄𝒐𝒔𝒊𝒕𝒚 
Equation 5-3 
Where: 
Flowability is the average spiral length in cm 
Viscosity is measured at shear rate 1 1/s 
The index values are plotted in Figure ‎5-31 for PP as a reference material and both 
PP-H and PP-S compounds. As obvious, PP and PP-S are showing almost constant 
values. This indicates an evidence of the proposed relation between the flowability 
and viscosity according to the model proposed by Elsabbagh in [Els17]. This is 
attributed to the simple straight shape of the sisal and so its results fit perfectly in the 
model.  
On the contrary, PP-H values show fluctuating results before stabilization after the 
third cycle. This is due to the complex branched nature of the hemp fibers which does 
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not support a simple inverse proportionality relation between viscosity and flowability 
at the studied flow rate (1 1/s) and 200°C temperature and consequently doesn’t fit in 
the model. 
 
Figure ‎5-31: Calculated index values (Equation 5-3) for PP, PP-H and PP-S compounds 
5.3 Effect of recycling on the thermal behavior characteristics 
This section discusses the effect of the recycling on the thermal characteristics of 
NFTC. The thermal tests are designed to monitor the thermal degradation of the 
polymer composite as well as the constituents of the lignocellulosic fiber. This 
understanding will help in predicting the sequence of thermal decomposition and 
hence the composite can be better designed [Yao08]. 
5.3.1 Thermal gravimetric analysis  
As mentioned before, recycling of the compounds under study is performed by 
shredding the injected parts to granulate then re-injecting them again in the injection 
molding machine. This leads to the application of several thermal stresses on the 
compounds during the injection process because of melting the compounds at 
temperatures around 200°C and application of high shear forces inside the machine 
between the screws. Despite of that, both natural fibers and the PP matrix proved to 
sustain their thermal stability during recycling at acceptable levels.  
Figure ‎5-32 shows the effect of recycling on PP (original PP and five cycles).  
A zoom in is made around the maximum decomposition rate. Evaluation of the 
midpoint decomposition process (peak derivative thermal gravimetry DTG) is carried 
out according to ISO 11358. The temperature does not change excessively. 
However, it shows a decreasing trend of almost 3.3°C (from 458 to 454.7°C) after 5 
cycles.  
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This decreasing trend is significant since the analysis is based on measuring 3 
samples of each compound and obtaining the average with a standard deviation of 
less than 5%.   
Similarly, Figure ‎5-33 shows the recycling effect on PP/30%Sisal. Humidity is the 
source of water vapor released at 100°C. Then as shown in the zoom Figure ‎5-33b, 
there are three degradation peaks at 295, 354 and 459°C. The first decomposition is 
related to the degradation of pectin and hemicelluloses, 
i.e. acetyl 4-O-methylglucuronoxylan. Second decomposition stage at 354°C is 
attributed to the degradation of α-cellulose which is the main fiber constituent that is 
responsible for load bearing. Here the amount of degradation is a function of the 
dehydration process. In addition, cellulose chain breaks-up to smaller chains which in 
turn release flammable volatiles and solid char. Most likely, lignin decomposition 
takes place also in the same second stage. The third decomposition range is 
attributed to the pyrolysis of the host PP matrix [Doa07]. 
It is also observable in Figure ‎5-33b, that there are two opposite trends for the 
change of the peak temperatures under the recycling effect. The first and the second 
stages show that the peaks slightly decrease from 297 to 295°C and 358 to 354°C 
respectively. On the other hand, the third stage shows an increasing trend of peak 
temperature from 435 to 459°C. 
The decreasing trend in the first and second stages meets the results of Stehle 
[Ste16]. This is attributed to the relative depolymerization of hemicellulose and 
cellulose after recycling. Stehle [Ste16] has carried out further TGA experiments on 
the extracted fibers out of the compound after dissolving the PP. The extracted fibers 
show the same decrease of the decomposition temperatures. 
The increase of the peak temperature in the third stage from 435 to 459°C matches 
with the results of [El-09]. The results are explained by the following points of view: 
 Recycling develops new fiber surfaces ready for coupling with PP [El-09] in the 
presence of the coupling agent, 
 Recycling gives chance for more number of carbonyl groups to share in 
increasing the coupling of the hydroxyl group with the PP matrix by the help of 
the grafting agent [Fon15] and consequently the decomposition temperature of 
the compound could be delayed. 
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Figure ‎5-32: TGA and DTG of PP (a) Whole spectrum (b) Zoom 
 
 
Figure ‎5-33: TGA and DTG of PP/30% Sisal (a) Whole spectrum (b) Zoom 
(a) 
(b) 
(a) (b) (a) 
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The effect of the fiber type regarding the cycle number on the TGA results is also 
studied, namely sisal and hemp in PP-H and PP-S compounds. Figure ‎5-34a 
illustrates the TGA and DTG of PP-S commercial compound. For illustration, the 
original compound, the fifth cycle and the eighth cycles are considered. A zoom-in is 
made on the temperature range of 300-500°C. The effect of the cycle number is 
obvious from C0 to C5 and from C5 to C8. The behavior is like that of PP/30% Sisal 
in Figure ‎5-33b. 
On the contrary, PP-H shows less sensitivity to recycling regarding the thermal 
properties. As seen in Figure ‎5-34b, the TGA curve of the fifth cycle is close to that of 
the original material. Whereas the eighth cycle shows a clear difference. This remark 
infers that hemp has consistent coupling efficiency with PP matrix even after five 
cycles. In other words, the efficient surface areas of the hemp fibers seem that they 
are not too much increased by the recycling. But as seen in the eighth cycle, the 
decomposition temperature is offset to higher temperature indicating more coupling 
sites. Regarding the previous stage above 300°C, the peak temperature of PP-H is 
around 347°C which is 7°C less than that detected in PP-S or PP/30% Sisal. But the 
peak temperature in PP-H in this stage (around 347°C) is almost constant and not 
decreasing as reported in PP/ sisal composites. At the end of the TGA experiment of 
PP-S in Figure ‎5-34b, the remaining char is almost constant (15%) for the original 
compound in comparison with the fifth cycle. The eighth cycle shows less char (10%) 
remaining at the end. Similar behavior is found with PP-S. This remark meets exactly 
what reported in [Fon15] who concluded that no significant changes occur till the fifth 
cycle.  
 
Figure ‎5-34: TGA and DTG of (a) PP-H  
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Figure ‎5-34: TGA and DTG of (b) PP-S 
5.3.2 Differential scanning calorimetry 
As mentioned in ‎3.4.10, heat-cool-heat procedure is followed in the DSC experiments 
to investigate the thermal transitions in the compounds during melting and 
solidification phases. Polymer characteristics can be taken out the second heat cycle 
avoiding the thermal history of the polymer sample [Hut84]. Therefore, the difference 
in the determined temperatures and enthalpies between the first and second cycles is 
meaningful. First cycle defines the compound properties. The second heat cycle 
defines the inherent properties of the material. 
An example of DSC experiment is shown in Figure ‎5-35, cycle 3 shows a narrower 
peak in melting zone at the second heat cycle (cycle 3) in comparison to the first heat 
cycle (cycle 1). From the DSC experiments, melting, recrystallization and second 
melting temperatures are collected.  
Similarly, the enthalpies of melting and recrystallization along the heat/ cool/ heat 
stages are calculated using the software of the universal analysis software for the TA 
instruments. 
DSC results for the original PP matrix, the commercial PP-sisal and PP-hemp and 
finally the PP/30% Sisal compounds are presented in Table A-1 to Table A-5 in the 
Appendix. The results cover the temperature and the enthalpy (melting or 
recrystallization) for the three stages of heat-cool-heat procedure. The melting point 
taken out from the first heat stage is measured for PP, PP-S and  
PP-H at different cycle numbers. The results are plotted in Figure ‎5-36.  
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Figure ‎5-35: DSC curve showing the heat-cool-heat cycles (Cycle 1: heat in orange, cycle 2: cool in 
green, cycle 3: heat in green) and both melting and crystallization characteristics 
 
The melting points of all materials change within 4°C maximum. The range of 
deviation in case of PP-H is greater than that of PP-S. PP has an almost constant 
melting temperature till the fifth cycle. Afterwards, it decreases one degree in 
average. For the commercial PP compounds reinforced with sisal and hemp PP-S 
and PP-H, the melting temperature decreases with increasing the cycle number. To 
illustrate the effect of recycling on the melting temperature of the NFTC compound, a 
relative index is calculated as in Equation 5-4. The results are plotted in Figure ‎5-37 
for both heat cycles. 
It is obvious that the cycle number has a linear trend effect on the difference between 
the compounds melting temperature with respect to PP. Additionally, the second heat 
cycle has lower temperature difference than that of the first heat cycle. This is 
attributed to the removal of the compounding history of the thermal stresses during 
the re-melting process. 
 
𝑫𝒊𝒇𝒇𝒆𝒓𝒆𝒏𝒄𝒆 𝒊𝒏 𝒎𝒆𝒍𝒕𝒊𝒏𝒈 𝒕𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆 = 𝑻𝒎 (𝑷𝑷) − 𝑻𝒎(𝑷𝑷 − 𝑺) 
 
𝑫𝒊𝒇𝒇𝒆𝒓𝒆𝒏𝒄𝒆 𝒊𝒏 𝒎𝒆𝒍𝒕𝒊𝒏𝒈 𝒕𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆 = 𝑻𝒎 (𝑷𝑷) − 𝑻𝒎(𝑷𝑷 − 𝑯) 
Equation 5-4 
Where Tm= melting temperature 
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Figure ‎5-36: Melting point of PP, PP-S and  
PP-H at different cycle numbers 
 
Figure ‎5-37: Difference in melting temperature 
between PP and both PP-S and PP-H at 
different cycle numbers 
Figure ‎5-38 shows the melting enthalpy development along the cycle number. It is 
noticed that the melting enthalpy of the compounds is less than that of the pure PP. 
This is attributed to lower polymer fraction due to the fiber presence (30 wt.%). 
However, for justified comparison, the enthalpies of the compounds are normalized 
by dividing it to the PP weight fraction as in Equation 5-5 [Mor15].  
 
𝑵𝒐𝒓𝒎𝒂𝒍𝒊𝒔𝒆𝒅 𝑯𝒎 = 𝑯𝒎/(𝟏 − 𝒇𝒊𝒃𝒓𝒆 𝒘𝒕. %) 
Equation 5-5 
Where Hm is the melting enthalpy of the compound in j/g 
 
After normalization as shown in Figure ‎5-39, the enthalpies of both compounds are 
found to be close to PP melting enthalpy till the sixth cycle. Afterwards, the melting 
enthalpies of the compounds are greater than the original PP. 
The increase of composites’ enthalpies at the late cycles is partially explained in 
[Fon15] where the fiber content is reduced from the theoretical value (30 wt.-%) to 
lower values especially after five cycles. Another reason for the increased melt 
enthalpy at the late cycles is that the generated fibers’ surfaces by recycling are 
maximized. Hence the efficiency of coupling between the fibers and PP is also 
maximized giving the maximum enthalpy and hence better nucleation. Here it is 
worth mentioning that although the sisal fibers from the two compounds PP-S and 
PP/30% sisal are from different suppliers, but no significant difference is noticed in 
their thermal effect in the compound.  
Looking through Table A-5 (Appendix) it is obvious that the melting enthalpy 
develops almost constantly with small variation and relative maximization at the fifth 
cycle. 
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Figure ‎5-38:  Melting enthalpy of PP, PP-S and 
PP-H at different cycle numbers 
Figure ‎5-39:  Normalized melting enthalpy of  
PP-S and PP-H w.r.t. PP at different cycle 
numbers 
The difference between the attained melting points at the first and the second heating 
DSC cycles, as mentioned earlier, corresponds to the thermal history of the 
compound. Therefore, this difference in temperature is plotted against the cycle 
number of PP and both compounds PP-S and PP-H as shown in Figure ‎5-40. 
 
Figure ‎5-40:  Difference in melting points between the both heating cycles (Tm1-Tm2) of PP, PP-S and 
PP-H at different cycle numbers 
It is obvious that all curves show reduction of the difference in melting points  
(Tm1 – Tm2) between first and second heating cycles which stabilizes starting the 
fourth cycle. On the other side, the difference in melting points of PP-S starts with 
6°C difference and then decreases to almost zero (Tm1 = Tm2) starting from the fourth 
cycle. As mentioned before, the difference between the two melting points of the two 
heating cycles originates from the thermal stresses in the compound which is 
removed by the second heating cycle. Based on this, highly homogeneous 
compounds tend to build less thermal stresses and therefore the difference between 
the two heating cycles tends to zero.     
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Since Tm1 – Tm2 = zero for PP-S after four cycles, this indicates that an optimum 
combination of PP structure and fiber size is reached in which no more thermal 
history is developed. Similarly, PP-H starts at low level of temperature difference of 
2°C then just after two cycles, this optimum combination of structure and fiber size is 
attained and the difference in melting temperatures is reduced to zero. 
Recrystallization temperature (Tc) behaves like melting temperature, as shown in 
Figure ‎5-41. Tc of PP continues its increasing trend with more cycles whereas Tc of 
both PP-S and PP-H increases first starting the third cycle and remains at a relatively 
elevated level till the sixth cycle. Recrystallization enthalpy shows the same course 
observed in the behavior of the melting enthalpy against the cycle number, as 
illustrated in Figure ‎5-42. This could also be correlated with the fibers’ breakage at 
the late cycles producing more fibers of shorter lengths which act as nucleation 
enhancers and promote crystallization.   
For better illustration, original material and eighth cycle are just shown in Figure ‎5-43 
and Figure ‎5-44. 
It is obvious that: 
 The crystallization temperature is shifted to relatively higher temperatures, 
 There is no significant change from C0 to C8 in case of PP, 
 Crystallization enthalpy increases from C0 to C8 for PP-S and PP-H, 
 In case of compounds, crystallization rate increased because the area under 
the curve increases significantly while the time of crystallization (complete – 
onset time) is not aptly increased. 
   
Figure ‎5-41: Recrystallization temperature of 
PP, PP-S and PP-H at different cycle numbers 
Figure ‎5-42: Norm. Recrystallization enthalpy of 
PP, PP-S and PP-H at different cycle numbers 
These results imply that the inclusion of fibers in polypropylene accelerate the 
crystallization onset. Oppositely, recycling results in the retardation of the enthalpy 
release maximum but the crystallization enthalpy itself is enhanced. 
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Figure ‎5-43: Recrystallization enthalpy of PP, PP-S and PP-H at C0 and C8 (Temperature as X-axis) 
 
Figure ‎5-44: Recrystallization enthalpy of PP, PP-S and PP-H at C0 and C8 (Time as X-axis) 
From the measured melting enthalpies, it is possible to calculate the Degree of 
Crystallinity, using the Equation 5-6. The degree of crystallinity is plotted for the three 
different materials in Figure ‎5-45. As followed in enthalpy, the degree of crystallinity is 
normalized by considering the fiber content as followed in Equation 5-6 [Che07]. The 
increase in crystallinity at late cycles is assumed to be, due to the expected lower 
molar mass because of the shortened molecular chains after successive recycling.  
This assumption is validated in several literature sources; Rust et al. measured the 
MFI index and calculated the Molecular weight PP after recycling several cycles. He 
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reported a linear decrease in the molecular weight as the number of reprocessing 
cycles increase as shown in Figure ‎5-46 [Rus06]. 
𝑋𝐶 =
𝛥𝐻𝑚
𝛥𝐻𝑚
𝑜 (1 − 𝑤𝑓)
 . 100% 
Equation 5-6 
Where: 
XC: Degree of crystallization [%] 
ΔHm: Melting enthalpy [J\g] 
ΔHom: Reference value [J\g] 
Wf: Fiber content [%] 
For polypropylene, the value of ΔH0m is 207.1 J\g. 
Figure ‎5-46 shows also that the PP-S and PP-H have higher degrees of crystallinity 
in comparison to PP. The reason is that the fibers act like nucleating agents.  
Also, it is obvious that the crystallinity degree of PP-H is relatively higher than that of 
PP-S.  
  
Figure ‎5-45: Crystallinity degree of PP, PP-S 
and PP-H at different cycle numbers 
Figure ‎5-46: Calculated Molecular weight vs. 
cycle numbers [Rus06] 
The superiority of PP-H crystallinity can be explained in terms of the fiber dimensions 
and surface area. Sisal fibers are thicker and longer than the branched hemp fibers. 
But both fibers have the same loading in the composites (theoretically 30 wt.-%). This 
means that the hemp fibers have greater surface areas, as schematically illustrated 
in Figure ‎5-47. Two factors affecting the crystallinity after recycling. First is the 
shortening and splicing of the fibers, and secondly is the breaking of the polymer 
chains. The first factor helps in increasing the crystals initiation and hence the 
crystallinity. There are more short fibers enhancing nucleation, which is expected to 
initiate the formation of more crystals. 
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Figure ‎5-47: Assumed fiber shape: (a) Sisal fibers in a polymer matrix. (b) Hemp fibers in a polymer 
matrix. 
On the other hand, the second factor leads to smaller crystals, since the polymer 
chains are shortened during recycling. Here it is also important to consider that 
shorter chains have a higher moving ability and can freely fold and align to form the 
crystal lattice.  This is also reported by [Gal95] where the increase of crystallinity due 
to recycling is attributed to the shortening of the molecular chains and the diminishing 
of the molecular weight. The chains are hence more mobile and can crystallize in a 
more ordered pattern. This is reflected in a higher crystallinity value. Also during 
recycling, more impurities are introduced in the thermoplastic matrix. These 
impurities act as foreign surfaces which reduce the free enthalpy needed for the 
formation of critical nucleus and hence the nucleus size is reduced. Thus, the 
crystallization temperature is increased and crystallization starts at higher 
temperatures. All these factors interact with each other. By analyzing the results, the 
first factor has more effect on increasing the crystallization. A microscopic 
investigation using polarized microscope and heating stage is carried out. During the 
cooling time in the cool step (heat-cool-heat procedure), the crystals are prone to 
nucleate at the fiber surface. By recycling, there are more surface areas due to the 
fibrillation. Figure ‎5-48 shows the crystals nucleating on the fiber surface area and 
then growing and hence the crystallinity degree can be increased. In Figure 5-48a, 
the sample is investigated using a ring illumination. The sisal fiber surrounded by PP 
spherulites can be easily identified. Fig 5-48b represents a sample with etched 
surface where only PP crystals could be determined by light reflection through a 
polarization filter. For illustration purposes, a zoom in for a selected area is shown in 
5-48c. 
 
Figure ‎5-48:  Crystals nucleating around and on fiber surface area during the cooling time in the cool 
step 
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5.3.3 Dynamic mechanical analysis 
The dynamic mechanical properties of PP and both compounds PP-S and PP-H is 
evaluated in the longitudinal flow direction of the injection molding (0° direction). DMA 
studies the response of the sample subjected to small sinusoidal oscillation, as a 
function of time and temperature. Definition of Tg using DMA is more convenient 
because the change in the moduli is much more pronounced in DMA than change of 
specific heat Cp in DSC measurement [Ehr11]. 
Figure ‎5-49 shows DMA test for PP. The testing frequency of the sinusoidal loading 
has four levels of 0.5, 1.0, 2.5 and 10.0 Hz. The temperature changes from -100°C to 
140° to cover all the expected structure transformations like Tg. Evaluation of DMA 
yields information about the components of the complex E-modulus (Storage 
modulus E’ representing the real part and loss modulus E’’ representing the 
imaginary part) besides the loss factor tan  (representing the ratio E’’ to E’) as 
mentioned in 3.4.11. As shown in Figure ‎5-49, the peak temperatures are shifted 
towards higher transitional temperatures by increasing the applied frequency.  
DMA storage modulus curves show a clear transition near to 0°C. But the tan  
curves show three peak values indicating transition states. The first peak takes place 
at around -50°C. In some curves, there are two overlapping peaks at the first position 
around -50°C. This transition cannot be simply named  transition because the used 
reference PP is a blend of PP with other additives. Therefore, this peak is assumed 
to be due to the additives for plasticization such as ethylene co-vinyl acetate (EVA) 
according to [Liu10] [TA 17]. The second peak is just above 0°C and represents the 
glass transition temperature of the amorphous part in PP ( transition). The third 
maximum is above 60°C. This is the α transition, which results from the remaining 
‘rigid’ amorphous molecular segments in the crystals and the material turns from solid 
to rubbery state [Doa07].  
Figure ‎5-50 presents the effect of recycling on the E’, E’’ and tan  for PP at 1 Hz.  
A trend of increasing storage modulus by increasing the cycle number is clear. The 
increase in the E’ indicates an increase in the stiffness of the polymer, which may be 
the result of a restriction in the segmental motion of the molecular chains as 
schematically illustrated in Figure ‎5-51. Double bonds are broken and cross-linking 
starts [Ehr11]. This is also confirmed by the observably higher Tg of the recycled 
samples.  
It is important here to consider two counteracting factors affecting the viscosity of the 
compounds: the restriction to segmental motions due to building new links as a result 
of recycling increase the viscosity of the compound from one side. On the other hand, 
the reduction in fibers’ length after recycling leads to the release of the 
agglomerations and so the viscosity of the compound drops. The interaction of these 
two factors determines the resulting viscosity of the compound.   
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Figure ‎5-49: DMA results of the original PP (E’, E’’, tan ) 
 
Figure ‎5-50:  Effect of recycling on DMA (E’, E’’, tan ) for PP at 1 Hz 
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(a) 
                 
(b) 
Figure ‎5-51: Restriction in segmental motion due to new reactive sites (a) Schematic (b) Structure 
 
The derivative of E’ with respect to cycle number is positive. This means that the 
increase of E’ is not linear with cycle number. Increasing the temperature leads to 
decreasing E’ from 3.1 GPa at -100°C to 0.5 GPa at 140°C. The loss modulus E’’ 
shows a different behavior for the effect of cycle number. E’’ decreases after the first 
cycle then it increases again. tan  also shows a similar behavior of E’’. The damping 
factor (in terms of tan) decreases by increasing the cycle number because of the 
restriction to the mobility of PP molecules in the relaxation process. On the other 
hand, the loss factor, tan, does not change linearly with respect to the cycle number. 
Rather it fluctuates as shown in Figure ‎5-52. It drops after the first cycle then starting 
from the fourth cycle, the loss factor increases again indicating the stiffening of the 
matrix. 
 
Figure ‎5-52:  Effect of recycling on the transitional temperature for PP at 1 Hz 
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Figure ‎5-53 and Figure ‎5-54 show the effect of recycling on E’, E’’ and tan  for both 
composites PP-S and PP-H in comparison to the neat PP in Figure ‎5-50. It is obvious 
that both the composites have high storage and loss modului. The rank of storage 
modulus for the investigated materials is [PP, PP-S, PP-H] ascendingly.  
This matches with the results of [Mof12] who worked with PP/Sisal system and 
proved that the presence of fibers shifted both storage and loss moduli to higher 
values. 
  
Figure ‎5-53:  Effect of recycling on DMA (E’, E’’, 
tan ) for PP-S at 1 Hz 
Figure ‎5-54:  Effect of recycling on DMA (E’, E’’, 
tan ) for PP-H at 1 Hz 
For more specific comparison, E’, E’’ and tan are illustrated in Figure ‎5-55 (a-c) and 
Figure ‎5-56 (a-c) for the three materials (PP, PP-S and PP-H) at C0 and C8 
respectively. Important values for storage and loss moduli are listed in Table ‎5-2 and 
Table ‎5-3 respectively.  
Some remarks can be depicted from this comparison in Figure ‎5-55 at C0 as 
following: 
 Storage modulus E’: At -100°C, PP-H, PP-S and PP have 4250, 3700 and 3100 
MPa respectively. At room temperature they decrease to 2100, 1900 and 1000 MPa. 
At the end of the test, they decrease to 500, 400 and 120 MPa. 
 Loss modulus E’’: The three materials show the same behavior. At room 
temperature, they show maximization of E’’. PP has the least modulus of around  
60 MPa whereas PP-H and PP-S have 91.61 and 77.57 MPa respectively. It is 
obvious that the transitional temperature, especially at β and α stages, increases with 
4°C by the addition of fibers in comparison to PP. This is attributed also to the lack of 
mobility by the addition of fiber to the PP chains [Mof12]. 
 Loss factor (tan): PP shows the highest damping factor with respect to PP-S and 
PP-H. Both composites show almost identical behavior. Reduction of the loss factor 
means that, at certain same temperature, the increase of E’ with increasing fiber 
content is greater than that of the E’’. Additionally, the decrease of tan  is considered 
a sign for improving the fatigue resistance as well as the elasticity of the composites 
due to the high elasticity of the natural fibers [Doa07]. 
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Table ‎5-2: Storage Moduli PP, PP-S and PP-H 
Material Storage Modulus     
(-100°C)  
[MPa] 
Storage Modulus  
(RT)  
[MPa] 
Storage Modulus  
(140°C) 
 [MPa] 
C0 C8 C0 C8 C0 C8 
PP 3100 4000 1000 1750 120 130 
PP-S 3700 4800 1900 2500 400 430 
PP-H 4250 4130 2100 2050 500 280 
Table ‎5-3: Loss Moduli of PP, PP-S and PP-H 
Material Loss Modulus     
(-100°C)  
[MPa] 
Loss Modulus  
(RT)  
[MPa] 
Loss Modulus  
(140°C) 
 [MPa] 
C0 C8 C0 C8 C0 C8 
PP 60.67 67.17 65.87 94.2 12.48 17.68 
PP-S 77.57 91.12 98.74 145.1 37.62 45.73 
PP-H 91.61 70.44 116.9 113.6 54.51 29.51 
The same procedure is followed in the comparison at C8 out of Figure ‎5-56 and the 
remarks are depicted as follows: 
 Storage modulus: At -100°C, PP-S, PP-H and PP have 4866, 4116 and 3929 MPa 
respectively. At room temperature they decrease to 2566, 2008 and 1633 MPa. At the 
end of the test, they decrease to 410, 260 and 157 MPa. 
 Loss modulus: The three materials show the same behavior. At room temperature, 
they show maximization of E’’. PP has the least modulus of 94.2 MPa whereas PP-S 
and PP-H have 145.1 and 113.6 MPa respectively. It is obvious that the transitional 
temperature, especially at β and α stages, increases with 3°C by the addition of fibers 
in comparison to PP. 
 Loss factor: PP shows the highest damping factor with respect to PP-S and PP-H. 
Both composites show almost identical behavior. 
Two very important differences between C0 and C8 are concluded from Figure ‎5-55 
and Figure ‎5-56: 
 The ranking is changed. In C0, the ascending ranking of the storage and loss 
moduli at C0 is [PP, PP-S, PP-H]. While at C8, the ranking became [PP, PP-H, 
PP-S]. This means that after 8 cycles, the strengthening per unit cycle for sisal 
is higher than that of hemp. This can be explained regarding the fiber 
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dimensions along the number of the reprocessing cycles as previously 
explained in ‎5.1.1.  
 C0 C8 
 (a) (a) 
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 Figure ‎5-55: DMA results (E’, E’’, tan ) for PP, 
PP-S and PP-H at 1 Hz for C0 
Figure ‎5-56: DMA results (E’, E’’, tan ) for PP, 
PP-S and PP-H at 1 Hz for C8 
 The strengthening of sisal after 8 cycles is prominent with respect to the hemp 
fibers. Therefore, the gap between PP-S and PP-H is significant whereas the 
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curves of PP and PP-H are close to each other. This depicts that the hemp 
fibers are losing their role in strengthening after this number of cycles. 
DMA results can be further processed to define other thermal and mechanical indices 
describing the effect of the reprocessing cycles. These indices are namely the 
activation energy and the modulus of retention ratio. 
Activation energy (Eact) is an important quantity for describing the glass transition. 
Eact is the amount of energy needed by a polymer structure to impart a glass 
transition and switch from a quasi-stable state to another stable glassy state.  
It is calculated using the modified linear form of Arrhenius formula in Equation 5-7 
and Equation 5-8. 
𝒇 = 𝒇𝟎𝒆
−𝑬𝒂𝒄𝒕
𝑹𝑻  
Equation 5-7 
𝐥𝐧 (𝒇) = 𝐥𝐧 (𝒇𝟎) −
𝑬𝒂𝒄𝒕
𝑹𝑻
= 𝐥𝐧 (𝒇𝟎) −
𝑬𝒂𝒄𝒕
𝑹
𝟏
𝑻
= 𝑨 − 𝑩
𝟏
𝑻
 
Equation 5-8 
where f is the applied frequency, fo is the frequency when the temperature (T) 
approaches infinity. R is the gas constant of 8.314 j/mol.k.  
According to Arrhenius equation, a plot of log f against 1/T should give a straight line 
with slope proportional to the activation energy for the relaxation process. For 
reasons of clarity and comprehensibility only C0 and C8 are considered in the plot of 
these Arrhenius formulae shown in Figure ‎5-57 to Figure ‎5-62 beta and alpha 
transitions of PP, PP-S and PP-H. Plots from C0 to C8 could be reviewed in the 
Appendix in Figures ‎A-1 to A-6.  
The regression equations describing these trend lines are also shown in these 
figures. The coefficients of the ‘X: reciprocal of the temperature” represent the slopes 
of these trend lines.  
These coefficients are then multiplied by the gas constant to obtain the activation 
energies for the neat PP, PP-S and PP-H in the both alpha and beta transitions at 
different cycles.  
It is obvious that the last cycle is characterized by two points: 
 The trend line describing the last cycle is offset back to the left side (as an 
indication of higher transitional temperature), 
 The slope of the last cycle is steeper than the first cycles. Thus, indicates 
higher activation energies. 
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Figure ‎5-57: Arrhenius formula presentation for PP/ β transition at different cycle number taken from 
frequencies 0.5, 1.0, 2.5 and 10 Hz. 
 
Figure ‎5-58: Arrhenius formula presentation for PP-S/ β transition at different cycle number taken from 
frequencies 0.5, 1.0, 2.5 and 10 Hz. 
 
Figure ‎5-59: Arrhenius formula presentation for PP-H/ β transition at different cycle number taken from 
frequencies 0.5, 1.0, 2.5 and 10 Hz. 
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Figure ‎5-60: Arrhenius formula presentation for PP/ α transition at different cycle number taken from 
frequencies 0.5, 1.0, 2.5 and 10 Hz. 
 
Figure ‎5-61: Arrhenius formula presentation for PP-S/ α transition at different cycle number taken from 
frequencies 0.5, 1.0, 2.5 and 10 Hz. 
 
Figure ‎5-62: Arrhenius formula presentation for PP-H/ α transition at different cycle number taken from 
frequencies 0.5, 1.0, 2.5 and 10 Hz. 
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After calculating the activation energy, according to Equation 5-9, Figure ‎5-63 and 
Figure ‎5-64 are plotted to present the effect of the reprocessing cycle on the 
activation energy at alpha and beta transitions respectively. 
𝑬𝒂𝒄𝒕 = 𝑮𝒂𝒔 𝒄𝒐𝒏𝒔𝒕𝒂𝒏𝒕(𝑹) 𝒙 𝑺𝒍𝒐𝒑𝒆 𝒐𝒇 𝒕𝒉𝒆 𝒕𝒓𝒆𝒏𝒅 𝒍𝒊𝒏𝒆 
Equation 5-9 
The activation energy is reduced after the first cycle and remains stable till the fourth 
one before it starts again to increase at the last cycles. Also, it is remarkable that PP 
has the highest activation energy in the alpha transition, whereas the difference is not 
so significant in the beta transition. 
  
Figure ‎5-63: Activation energy of PP, PP-S and 
PP-H for different cycles at β transition 
Figure ‎5-64: Activation energy of PP, PP-S 
and PP-H for different cycles at α transition 
To be able to go deeper in the analysis, the effect of the fiber size on the activation 
energy should be considered as well. The same procedure is followed to calculate 
the activation energy for PP/30%Sisal (Longer length and larger diameter resulting in 
lower AR). Figure ‎5-65 shows the Arrhenius plot. It is clear how much the regression 
of the trend lines is better than the regression of the commercial PP-S or PP-H.  
However, Figure ‎5-66 shows that the activation energies of both PP-S and PP/30% 
Sisal are close to each other. 
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Figure ‎5-65: Arrhenius formula presentation for 
PP/30% Sisal α transition at different cycle 
number taken from frequencies 0.5, 1.0, 2.5 and 
10 Hz. 
Figure ‎5-66:  Activation energy of PP-S and 
PP/30% Sisal for different cycles at α transition 
Modulus of retention ratio (MRR) is an index which describes the effectiveness of a 
certain parameter in reinforcing the composite system [Pau10]. In the current study, 
this parameter can be the fiber content or the number of cycles. MRR is the ratio of 
the modulus of retention (MR) of the composite divided by MR of the polymer matrix. 
Modulus of retention itself is the storage modulus of the material at the glass state 
divided by the storage modulus at the rubbery state. Therefore, MRR is calculated as 
shown in Equation 5-10. 
 
𝑴𝑹𝑹 =
(
𝑬𝑮
′
𝑬𝑹
′⁄ )
𝑪𝒐𝒎𝒑𝒐𝒔𝒊𝒕𝒆
(
𝑬𝑮
′
𝑬𝑹
′⁄ )
𝑷𝒐𝒍𝒚𝒎𝒆𝒓
 
 
Equation 5-10 
where E’G and E’R are the storage modulus values in the glassy and rubbery region, 
respectively. The higher the value of MRR is, the lower the effectiveness of the 
parameter (either the fiber content or the cycle number). Higher MRR means that 
there is a higher ratio between the E modulus at glassy state to the E modulus at 
rubbery state as shown in Figure ‎5-67. Since most materials operate within 
temperatures above their Tg i.e. in the rubbery phase, therefore a material which 
sustains its E modulus during the transition from glassy to rubbery states is more 
convenient for industrial applications.   
The measurement of E’ values are taken around alpha and beta transitions (E’G) and 
(E’R) for both composites and the host polymer matrix at 1 Hz as shown in 
Figure ‎5-68. 
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Figure ‎5-67: Determination of the Storage 
moduli E’G and E’R around beta transition 
Figure ‎5-68: MMR of both PP-H and PP-S in 
comparison to their storage moduli 
The trends of MRR for both PP-S and PP-H are mixing with each other at the first 
cycles. Then at the last cycles, PP-H proves to have lower efficiency in reinforcing 
(higher MRR) in comparison to PP-S as shown in Figure 5-69. However, this index is 
suitable for defining the effect of fiber type or content because PP before recycling is 
taken as the reference material.  
But to consider the effect of the cycle number, the MRR index can be modified to be 
referred to the PP at the corresponding cycle. Therefore, a modified modulus of 
retention (MMRR) at certain cycle number (i) is used shown in Equation 5-11. 
Figure ‎5-70 shows clearly that PP-S has lower MMRR for both alpha and beta 
transitions for the different cycles. This means that PP-S has higher efficiency in 
reinforcing after structure transitions. 
     
Figure ‎5-69: Modulus of retention ratio for PP-S 
and PP-H at alpha and beta transitions  
Figure ‎5-70: Modified modulus of retention ratio 
for PP-S and PP-H at alpha and beta transitions 
This concept of better reinforcing efficiency (modulus of retention) is not contradicting 
with the superiority of PP-H storage modulus at C0 in Figure ‎5-55. Although the PP-H 
starts with EG larger than PP-S, but the reinforcing efficiency of PP-H through the 
transformation from Glassy to Rubbery state remains limited when compared with  
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PP-S. As explained previously in the fibers morphology discussed in 4.3, this could 
be attributed to the straight fiber form of the Sisal fibers which participate in load 
transmission better than hemp (see Figure ‎5-67). 
𝑴𝑴𝑹𝑹𝒄𝒚𝒄𝒍𝒆 𝒊 =
(
𝑬𝑮
′
𝑬𝑹
′⁄ )
𝑪𝒐𝒎𝒑𝒐𝒔𝒊𝒕𝒆,𝒄𝒚𝒄𝒍𝒆 𝒊
(
𝑬𝑮
′
𝑬𝑹
′⁄ )
𝑷𝒐𝒍𝒚𝒎𝒆𝒓,𝒄𝒚𝒄𝒍𝒆 𝒊
 
 
Equation 5-11 
5.4 Effect of recycling on the mechanical properties of sisal and 
hemp compounds 
As discussed in the previous sections, it is proved that recycling leads to the splicing 
and shortening of the fibers and hence a better distribution of the fibers in the matrix 
is achieved. In addition, not only recycling enhanced the homogeneity of the 
compounds but it was also proved by dynamic mechanical analysis that recycling 
leads to the enhancement of the thermo-mechanical characteristics of the 
compounds to different degrees depending on the number of processing cycles. 
Thermal analysis also proved no critical deterioration of the natural fibers after 
recycling. Based on these facts, it is also to be expected that NFTC recycling would 
improve selected mechanical properties of the compounds.   
The effect of the executed number of cycles on the E-modulus, tensile strength, 
elongation and impact strength of PP/30% Sisal composite against the behavior of 
PP through recycling is shown in Figures ‎5-71 till ‎5-74. All mechanical results of both 
PP and PP/30% Sisal from C0 till C8 are listed in Table ‎A-6 (Appendix). 
E-modulus of PP/30% sisal improves by 1.3% from 3033 to 3075 MPa after two 
cycles, then it starts to decrease by 6.8% to 2914 MPa after 8 cycles as shown in 
Figure ‎5-71. Oppositely, the recycling of PP shows the behavior seen in Figure ‎2-13. 
The E-modulus decreases 13% after two cycles then the values stabilize. This 
highlights the effect of the first cycles on the fibers. Fibers recycling helps in 
strengthening, even the composite of PP/30% Sisal after two recycling increased 
whereas the polypropylene twice recycled decreased. More analysis will be given in 
Figure ‎5-75. The tensile behavior of both PP/30% Sisal and PP at C8 is illustrated in 
Figure ‎5-72. Here, it is noticed that the same behavior shown in Figure ‎5-71 is 
repeated. Tensile strength of PP/30% Sisal decreased from 40 MPa to 36 MPa after 
8 cycles. But it is obvious that this reduction is not linear. The decrease in strength is 
almost  
0.5 MPa/cycle for the first three cycles then it drops to 37 MPa and continues 
decreasing with a lower gradient till the eighth cycle. For PP, it decreases rapidly 
from 29 to 26.7 MPa from the first cycle then it stabilizes.  
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Figure ‎5-71: E-modulus of PP and PP/30% Sisal 
at after different number of cycles 
Figure ‎5-72: Tensile strength of PP and PP/30% 
Sisal at after different number of cycles 
      
Figure ‎5-73: Elongation of PP and PP/30% Sisal 
at after different number of cycles 
Figure ‎5-74: Impact strength of PP and PP/30% 
Sisal at after different number of cycles 
Similar trends of results are attained by [Ste16] [Mah13]. Stehle [Ste16] has reported 
greater drop in strength after the first cycle. This decrease after the first cycle cannot 
be only attributed to the decreasing chain size. But it can also be contributed to the 
need of antioxidant formulations to stabilize the polymer during reprocessing [Mar02], 
[Mah13]. The breaking elongation of PP/30% Sisal with respect to PP is represented 
in Figure ‎5-73. As expected, the fibers affect the elongation negatively because they 
act as crack propagation motivators. The elongation of PP/Sisal shows a parabolic 
behavior with a maximum after three cycles. This implies that the expected 
deterioration of elongation due to the chain scission is counteracted by another 
positive factor. Recycling of PP results in decreasing trend of elongation. The results 
are again like those of virgin PP having undergone three cycles [Mah13]. 
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Figure ‎5-74 shows the impact strength of the recycled PP and PP/30% Sisal. 
Although the mechanical strength and E-modulus of PP/Sisal are better than those of 
PP, the impact strength of PP/Sisal is less than the counterpart PP sample at the 
same number of cycles. The impact strength of PP/Sisal shows again a maximum 
value after three cycles. That is the same as in the elongation development in 
Figure ‎5-73. The difference here lies in the almost constant impact strength of PP 
after the reduction observed at first cycle. 
The analysis of Figure ‎5-71 till Figure ‎5-74 shows different peak cycles according to 
the mechanical property under investigation. Thus, for better understanding, a 
reprocessing of the data is given by calculating the relative properties for each value 
(Table ‎A-7 in Appendix).  
For easy comparison, normalization functions are constructed as in Equation 5-12, 
Equation 5-13, Equation 5-14 and Equation 5-15 for E-modulus, tensile strength, and 
elongation at break and impact strength respectively at cycle (i) where ‘i’ is the cycle 
number. The normalized functions are illustrated together in Figure ‎5-75 and listed in 
details In Table A-8 in the Appendix. 
𝐸 − 𝑚𝑜𝑑𝑢𝑙𝑢𝑠𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 = (
𝑅𝑒𝑙. 𝐸𝑚𝑜𝑑𝑢𝑙𝑢𝑠𝑖 − 𝑅𝑒𝑙. 𝐸𝑚𝑜𝑑𝑢𝑙𝑢𝑠0
𝑅𝑒𝑙. 𝐸𝑚𝑜𝑑𝑢𝑙𝑢𝑠0
) ∗ 100 
Equation 5-12 
𝜎𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 = (
𝑅𝑒𝑙. 𝜎𝑖 −  𝑅𝑒𝑙. 𝜎0
𝑅𝑒𝑙. 𝜎0
) ∗ 100 
Equation 5-13 
𝐸𝑙𝑜𝑛𝑔𝑎𝑡𝑖𝑜𝑛
𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑
= (
𝑅𝑒𝑙. 𝐸𝑙𝑜𝑛𝑔𝑎𝑡𝑖𝑜𝑛𝑖  −  𝑅𝑒𝑙. 𝐸𝑙𝑜𝑛𝑔𝑎𝑡𝑖𝑜𝑛0
𝑅𝑒𝑙. 𝐸𝑙𝑜𝑛𝑔𝑎𝑡𝑖𝑜𝑛0
) ∗ 100 
Equation 5-14 
𝐼𝑚𝑝𝑎𝑐𝑡 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ
𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑
= (
𝑅𝑒𝑙. 𝐼𝑚𝑝𝑎𝑐𝑡 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ𝑖 −  𝑅𝑒𝑙. 𝑚𝑝𝑎𝑐𝑡 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ0
𝑅𝑒𝑙. 𝐼𝑚𝑝𝑎𝑐𝑡 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ0
) ∗ 100 
Equation 5-15 
Figure ‎5-16 is added to Figure ‎5-75 to visualize the direct effect of the evolution of 
the fiber size on the resulting mechanical property. The tensile strength improvement 
is maximized with 7% after one cycle while E-modulus is maximized after two cycles 
and the impact strength after three cycles with 30% relative improvement following 
the exact course of the flowabilty. Away from them, the elongation at break shows the 
maximum improvement after six cycles which is correlated to the deterioration of the 
fibers length in addition to the relative reduction in fiber content at late cycles as 
previously explained. 
It is also observed that the normalized change % in E-modulus, elongation at break 
and impact strength ended after eight cycles with positive stable value. Whereas the 
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normalized change % in tensile strength is close to zero. The important thing is the 
trend of these curves and not the number of cycles itself. Because the thermal and 
shear loading per each cycle depends on the reprocessing parameters (temperature, 
compounding element form, speed…). 
 
Figure ‎5-75:  Effect of the number of cycles on the normalized property (PP/30% Sisal with respect to 
PP) 
5.5 Conclusion 
Considering the recycling of NFTC, the following main points could be deduced: 
 Recycling causes the deterioration of fiber length and diameter. Reduction of 
fiber length is significant at the first cycle. Reduction in diameter is significant 
at the first cycle then diameter size stabilizes afterwards. Since diameter also 
decreases by recycling, the aspect ratio remains at acceptable values and the 
fiber sustains its ability to transfer load in case of sisal.  
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 Recycling causes general reduction in fiber size which causes the 
agglomerations to de-entangle and a better distribution of fibers in the matrix is 
achieved. Longer fibers are injected to longer distances and are usually found 
at the tip of the injected spiral 
 Recycling increases the flowability in the spirals indicating break-up of 
molecular chains as well as the break-up of the agglomerated fiber clusters.  
 Viscosity behavior at low shear rates is significantly affected by the presence 
of the fibers and their shape. On the contrary, the viscosity behavior at high 
shear rate is dominated by the polymer matrix behavior. 
 Viscosity of NFTC is reduced by recycling. The effect of fiber type and 
preparation is significant where the viscosity reduction is more remarkable in 
case of PP-H and PP-S than the PP-30%Sisal as well as PP. 
 Mechanical testing shows an improvement of (E-modulus, strength, elongation 
and impact strength) at the first cycle then these properties start to decrease 
differently. For example, strength decreases even lower than its original value 
while the reduction in E-modulus and impact strength is relatively small. This 
different behavior is assured by the normalization curves. 
 TGA shows that the temperature corresponding to the first peak of 
decomposition decreases with the recycling, in case of PP-S. However, for 
PP-H, the decomposition temperature does not decrease as PP-S. This is due 
to the fact the coupling improves by defibrillation of hemp agglomerated fibers 
by developing new fiber surfaces.  
 The main DSC result is that cycle number has a linear trend effect on the 
difference between the compound melting temperature with respect to that of 
PP. Since, the melting temperature of PP is almost constant at different 
cycles, therefore the NFTC show almost linear reduction in their melting 
points. 
 Degree of crystallinity increases by recycling especially at the last cycles due 
to the presence of short lower molar mass.   
 Storage modulus of NFTC increases by recycling as result of the restriction to 
the segmental motion of the molecular chains.  
 Ranking of storage and loss moduli are varying between the original 
compound and after the eighth cycle. The ascending ranking of the storage 
and loss moduli in the original compound is [PP, PP-S, PP-H]. While after 
eight cycles, PP-H behavior is too close to PP and the ranking became [PP, 
PP-H, PP-S]. This is attributed to the decreasing efficiency of hemp fibers in 
reinforcing after excessive recycling. 
 The activation energies are reduced in NFTC in comparison to PP. The 
activation energy is reduced after the first cycle and remains so till the fourth 
one before it starts again to increase at the last cycles. 
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Regarding the previous points, it is highly recommended to develop a standardized 
legend for all NFTC products defining the maximum allowable number of 
reprocessing cycles according to the material properties.  
In addition, compounders and NFTC products producers should issue protocols to 
help evaluating the incoming recycled NFTC and allocate them to the relevant cycle 
number according to the material condition. 
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6 Mathematical Modeling and Simulation 
6.1 Correlation between fiber dimensions, recycling and flowability 
This section studies an analytical model that describes the flowability in terms of 
cycle number. To find out this link between the cycle number and the flowability, the 
effect of recycling on the fiber distribution in dependence on its size is also 
investigated. Back to Figure ‎5-16, the QICPIC analysis shows the image size and 
shape after extraction from selected cycles. This assumption of the three stages can 
be validated by the QICPIC dynamic images shown in Figure ‎6-1. The hemp fibers 
start branched at C0 and continue branched in C1. The fibers are then defibrillated 
and spliced to less branched ones at further cycles. In sisal, the branching is much 
less as shown in C0. Afterwards, the lengths decrease significantly with almost 
straight less branched fibers and uniform diameter (see Table 5-1).  
To understand the relation between fiber length (due to successive recycling) and the 
flowability, the change of fiber lengths against cycle number is plotted in Figure 6-2. 
Two trends are observed: A linear negative trend at the first cycles and a constant 
trend for advanced cycles. Linear trend is taken for simplicity but second-degree 
polynomial or more can also be selected for more accuracy especially in case of 
hemp compounds. After a certain fiber length, a quasi-constant value is attained.  
  
Figure ‎6-1: Effect of the number of cycles on the 
spirals’ flowability and fiber shape for PP-H and 
PP-S 
Figure ‎6-2:  Effect of cycle number on fiber 
length for extracted hemp and sisal fibers 
The flowability development with respect to the cycle number can be interpreted by 
understanding the flow regimes and the transition from heterogeneous flow to 
homogeneous flow specifically slurry flow regimes as named by [Bre05] which deal 
with solid flowing in a liquid as the case of the NFTC in the molten phase. The fluid is 
understood to flow homogeneously when the volume fraction of the solids (sizes 
must lie within the micron region) is relatively low and the solids are well mixed in the 
matrix liquid.  
Heterogeneous flow occurs when larger particles present at the liquid mixture –in this 
case the polymer melt– start to precipitate under the force of gravity and hence flow 
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with different velocity and a vertical concentration gradient starts to build up as shown 
in Figure 6-3. 
  
 
Figure ‎6-3: Effect of particle/ fiber size: a) small particles   b) large particles on concentration and 
velocity profiles across a horizontal flow [Che09]    
 
Separation speed of particles with average radius ‘R’ from a carrier fluid is denoted 
by ‘Vs’ as in Equation 6-1 and Equation 6-2 for small and big particles respectively, 
where ‘’ is the difference in densities between that of the carrying fluid ‘’ and that 
of the particles. ‘’ is the fluid kinematic viscosity. ‘v’ is the flow velocity. 
In Equation 6-1, the kinematic viscosity is a function of the fiber volume fraction in the 
composite [Beh09] as in Equation 6-3. The viscosity ‘’ increases with the increase 
of fiber volume fraction ‘’. This interprets why the flowability offsets downwards from 
PP to PP-S in Figure 6-4. 
 
𝑽𝒔 =
𝟐𝑹𝟐𝒈
𝟗𝜼
.
𝚫𝝆
𝝆
  if  
𝟐𝒗𝑹
𝜼
≪ 𝟏 
Equation 6-1 
𝑽𝒔 = √
𝟐𝑹𝒈
𝟑𝑪𝒅
𝚫𝝆
𝝆
  if  
𝟐𝒗𝑹
𝜼
≫ 𝟏 
Equation 6-2 
 
𝜼 = 𝜼𝒇𝒍𝒖𝒊𝒅(𝟏 + 𝜼𝝋 + 𝟓𝝋
𝟐 + 𝟓𝟑𝝋𝟑)  
Equation 6-3 
 ‘Cd’ is the drag coefficient and is calculated as shown in Equation 6-4, [Bre05]. 
 
𝑪𝒅 =
𝟐𝟒
𝑹
(𝟏 + 𝒂𝑹𝒃)  
Equation 6-4 
‘a’ and ‘b’ are constants <1 
Therefore, for simplicity, Equation 6-4 can be simplified to Equation 6-5  
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𝑪𝒅 =
𝟐𝟒
𝑹
  
Equation 6-5 
The separation velocities, in Equation 6-1 and Equation 6-2, can be rewritten after 
excluding the constant parameters or values as shown in Equation 6-6 and Equation 
6-7. 
𝑽𝒔 ∝ 𝑹 (𝒃𝒊𝒈 𝒑𝒂𝒓𝒕𝒊𝒄𝒍𝒆𝒔) 
Or  
𝑽𝒔 ∝ √𝑳(𝒍𝒐𝒏𝒈 𝒇𝒊𝒃𝒓𝒆𝒔) 
 
Equation 6-6 
𝑽𝒔 ∝ 𝑹
𝟐 (𝒔𝒎𝒂𝒍𝒍 𝒑𝒂𝒓𝒕𝒊𝒄𝒍𝒆𝒔) 
Or  
𝑽𝒔 ∝ 𝑳 (𝒔𝒉𝒐𝒓𝒕 𝒇𝒊𝒃𝒓𝒆𝒔) 
 
Equation 6-7 
Determining the separation velocity helps in defining the concentration and velocity 
profiles of multiphase flows (i.e. fibers in PP matrix). As seen in Figure 6-3, large 
particles show heterogeneous flow compared to the homogeneous flow of the small 
particles. This depicts that there is a critical size at which the flow pattern changes its 
regime.  
Considering that the kinetic energy of a particle at certain position is constant then 
the summation of kinetic energy in both directions (flow and separation) is constant 
and hence the sum of the squared velocities (Vf and Vs) in both directions is constant 
as in Equation 6-8. Thus, the flow velocity can be described as in Equation 6-9.  
By merging Equation 6-6 and Equation 6-7 into Equation 6-9, Equation 6-10 and 
Equation 6-11 are concluded: 
 
𝑽𝒔
𝟐 + 𝑽𝒇
𝟐 = 𝑪𝒐𝒏𝒔𝒕  
Equation 6-8 
𝑽𝒇
𝟐 = 𝑪𝒐𝒏𝒔𝒕 − 𝑽𝒔
𝟐  
Equation 6-9 
𝑽𝒇
𝟐 = 𝑪𝒐𝒏𝒔𝒕 − 𝒌. 𝑳    𝒇𝒐𝒓 𝒍𝒐𝒏𝒈 𝒇𝒊𝒃𝒓𝒆𝒔 
Equation 6-10 
 
𝑽𝒇
𝟐 = 𝑪𝒐𝒏𝒔𝒕 − 𝒌′. 𝑳𝟐    𝒇𝒐𝒓 𝒔𝒉𝒐𝒓𝒕 𝒇𝒊𝒃𝒓𝒆𝒔 
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Equation 6-11 
Where k and k’ are proportionality constants. 
Referring to Bernoulli’s equation on a horizontal mold with constant cross section as 
in Equation 6-12 where ‘hl’ is the head loss due to friction which can be replaced by 
the flowability spiral length ‘F’, as in Equation 6-13. This equation simply describes 
the head loss as a linear function of flowability. 
𝑷
𝝆𝒈
+
𝑽𝒇
𝟐
𝟐𝒈
= 𝑪𝒐𝒏𝒔𝒕 + 𝒉𝒍  
Equation 6-12 
𝒉𝒍 = 𝑪𝒐𝒏𝒔𝒕 . 𝑭  
Equation 6-13 
Equation 6-10 and Equation 6-11 can be again rewritten after replacing ‘Vf’ with ‘F’ as 
shown in Equation 6-14 and Equation 6-15. Where ‘F’ is the spiral flow length and ‘L’ 
is the length of fibers.  
 
𝑭 = 𝑪𝒐𝒏𝒔𝒕 − 𝒌. 𝑳    𝒇𝒐𝒓 𝒍𝒐𝒏𝒈 𝒇𝒊𝒃𝒆𝒓𝒔 
Equation 6-14 
𝑭 = 𝑪𝒐𝒏𝒔𝒕 − 𝒌′. 𝑳𝟐    𝒇𝒐𝒓 𝒔𝒉𝒐𝒓𝒕 𝒇𝒊𝒃𝒆𝒓𝒔 
Equation 6-15 
Recalling the relation between the fiber length and the cycle number as shown in 
Figure 6-2, Equation 6-14 and Equation 6-15 will be transformed to Equation 6-16 
and Equation 6-17. 
𝑭 = 𝑪𝒐𝒏𝒔𝒕 − 𝒌. (𝒎 − 𝒏. 𝑪) for first cycles (long or agglomerated fibers) 
Equation 6-16 
𝑭 = 𝑪𝒐𝒏𝒔𝒕 − 𝒌′. 𝑪𝒐𝒏𝒔𝒕𝟐 = 𝑪𝒐𝒏𝒔𝒕′   for further cycles (short defibrillated fibers) 
Equation 6-17 
Equation 6-16 is a linear equation and Equation 6-17 is a constant value. However, 
the main separation equations, Equation 6-1 and Equation 6-2, assume that the 
carrying fluid is not function of recycling cycles. So, the flowability of the polymer has 
to be considered with respect to the cycle number. Figure 5-13 is redrawn in Figure 
6-4 after the addition of trend line for PP to know the (cycle number-flowability) 
relation of the host carrying polymer. As shown, the trend line is a linear equation. 
The overall flowability will be then a combination of this trend line (flowability of 
polymer) with the flowability due to fiber flow regime in Equation 6-16 and Equation 
6-17. This combination can be described as in Equation 6-18. This means that the 
overall flowability for both situations (beginning and further cycles corresponding to 
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long and short fibers respectively) will be second-degree polynomial equation as in 
Equation 6-19 and first-degree polynomial equation as in Equation 6-20. 
𝑭 = 𝑭𝑷𝒐𝒍𝒚𝒎𝒆𝒓. 𝑭𝒇𝒊𝒃𝒆𝒓 𝒆𝒇𝒇𝒆𝒄𝒕 
Equation 6-18 
𝑭𝟏 = (𝟏𝒔𝒕 𝒐𝒓𝒅𝒆𝒓 𝒍𝒊𝒏𝒆𝒂𝒓). (𝟏𝒔𝒕 𝒐𝒓𝒅𝒆𝒓 𝒍𝒊𝒏𝒆𝒂𝒓) = 𝒂𝟏 + 𝒃𝟏𝑪 + 𝒄𝟏𝑪
𝟐  for long fibers 
Equation 6-19 
𝑭𝟐 = (𝟏𝒔𝒕 𝒐𝒓𝒅𝒆𝒓 𝒍𝒊𝒏𝒆𝒂𝒓). (𝑪𝒐𝒏𝒔𝒕𝒂𝒏𝒕) = 𝒂𝟐 + 𝒃𝟐𝑪  for short fibers 
Equation 6-20 
Recalling that b2 = bPP =1.1595 cm/cycle 
    
Figure ‎6-4: Effect of recycling number on the 
flowability for PP and different compounds 
(Trend line of PP is shown) 
Figure ‎6-5: Effect of the number of cycles as 
well as the fiber length on the spirals’ flowability  
A schematic representing these equations is shown in Figure 6-5 to illustrate the 
effect of the cycle number as well as the fiber length on the flowability of the 
composite material. The two equations are continuous and differentiable. ‘a2’ can be 
determined from Equation 6-20 using the known ‘b2’ and ‘F2’ in case of PP-S. By 
equating Equation 6-21 and Equation 6-22, we find out the critical ‘Ctransition’. 
Now, the coefficients of Equation 6-20 are all defined. Afterwards, coefficients of 
Equation 6-19 are solved. “a1” is the flowability at cycle 0. To find out ‘b1’ and ‘c1’; two 
equations are to be solved simultaneously. The flowability at first and second cycles 
is applied in Equation 6-23 and Equation 6-24. After finding all the coefficients and by 
equating Equation 6-19 and Equation 6-20 (note that the known values are in blue), 
the point of transition from the model 1 to model 2 could be determined. 
 
𝑭𝟏
′ = 𝒃𝟏 + 𝟐𝒄𝟏𝑪          for long fibers 
y = 1,1595x + 91,959 
R² = 0,9764 
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Equation 6-21 
𝑭𝟐
′ = 𝒃𝟐                      for short fibers 
Equation 6-22 
𝑭𝟏
𝑪=𝟏 = 𝒂𝟏 + 𝒃𝟏. 𝟏 + 𝒄𝟏. 𝟏
𝟐 = 𝒂𝟏 + 𝒃𝟏 + 𝒄𝟏          
Equation 6-23 
𝑭𝟏
𝑪=𝟐 = 𝒂𝟏 + 𝒃𝟏. 𝟐 + 𝒄𝟏. 𝟐
𝟐 = 𝒂𝟏 + 𝟐𝒃𝟏 + 𝟒𝒄𝟏          
Equation 6-24 
Figure 6-6 shows the model versus experimental results for PP-H. The assumption of 
polymer dominant behavior at high cycles (b2=1.1595) is implied. However, a 
difference is attained. The transition from one flow regime to another takes place 
after C3. If another adjusted b2 value is used, for example b2=2.2, a better matching 
as in Figure 6-7 could be achieved, but this means that the single phase dominant 
behavior does not correspond to pure PP.  
 
Figure ‎6-6:  Model versus experimental for PP-H using the polymer dominant behavior at high cycles 
(b2=1.1595) 
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Figure ‎6-7:  Model versus experimental for PP-H using the adjusted polymer dominant behavior at 
high cycles (b2=2.2) 
 
Figure ‎6-8: Model versus experimental for PP-S using the polymer dominant behavior at high  
cycles (b2=1.1595) 
On the other side PP-S shows excellent matching even with the b2=1.1595 of PP. 
The transition takes place after C1 (Figure 6-8). The parabolic nature of the first 
model explains the first and the second stages of fiber size development. The second 
model corresponds to the assumed third stage of fiber final shape. 
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6.2 Correlation between fiber dimensions and mechanical 
properties 
In [Els17], both fiber size and flowability are defined as functions of the processing 
parameters (pressure, injection temperature, mold temperature, fiber type and fiber 
content). Similarly, as previously mentioned in this work (Figure ‎5-75), it is assumed 
that there are dependent relations of fiber size and mechanical properties and 
flowability as functions of cycle number as in Equation 6-25 and Equation 6-26. 
Consequently, a relation can be derived to describe the property as a function of the 
fiber size as shown in Equation 6-27.  
  
∵ 𝑭𝒊𝒃𝒆𝒓 𝒔𝒊𝒛𝒆 = 𝒇(𝒄𝒚𝒄𝒍𝒆 𝒏𝒖𝒎𝒃𝒆𝒓) 
Equation 6-25 
∵ 𝑴𝒆𝒄𝒉𝒂𝒏𝒊𝒄𝒂𝒍 𝒑𝒓𝒐𝒑𝒆𝒓𝒕𝒚 = 𝒇(𝒄𝒚𝒄𝒍𝒆 𝒏𝒖𝒎𝒃𝒆𝒓) 
Equation 6-26 
 
∴ 𝑴𝒆𝒄𝒉𝒂𝒏𝒊𝒄𝒂𝒍 𝒑𝒓𝒐𝒑𝒆𝒓𝒕𝒚 = 𝒇(𝒇𝒊𝒃𝒆𝒓 𝒔𝒊𝒛𝒆) 
Equation 6-27 
Based on the above methodology, non-linear functions of symmetrical sigmoidal type 
(4 PL) are assumed to correlate between the following pairs of fiber aspect ratio and 
the corresponding property namely: 
 Relation of (Aspect ratio, E-modulus) as shown in Equation 6-28, 
 Relation of (Aspect ratio, Tensile strength) as shown in Equation 6-29, 
 
The model results, describing the mechanical properties and flowability of PP/30% 
sisal, are plotted in Figure 6-9 and Figure 6-10. A good matching in the trends of the 
curves, between the experimental and model results, is found. However, low 
regressions (in order of 68%) are present because the results seem to follow an 
alternating function. 
𝑬𝒎𝒐𝒅𝒖𝒍𝒖𝒔𝒎𝒐𝒅𝒆𝒍 = 𝟑𝟎𝟓𝟏. 𝟑 − 𝟏𝟗𝟑/(𝟏 + (
𝑨𝑹
𝟒𝟑
)
𝟔
) 
Equation 6-28 
𝑼𝑻𝑺𝒎𝒐𝒅𝒆𝒍 = 𝟑𝟗. 𝟔 − 𝟒. 𝟑/(𝟏 + (
𝑨𝑹
𝟓𝟎
)
𝟕.𝟑
) 
Equation 6-29 
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Figure ‎6-9: Experimental versus model E-
modulus as functions of aspect ratio (AR) 
Figure ‎6-10: Experimental versus model tensile 
strength (UTS) as functions of aspect ratio (AR) 
 
6.3  Conclusion 
 Analytical model is constructed to correlate the flowability with the cycle 
number by interpretation of the changing fiber length. The model describes the 
three assumed stages using two power equations. The model sets the 
conditions of using both equations (in case of branched tangled hemp fibers) 
or just the second equation (in case of straight sisal fibers) 
 
 Using fitting curve models, mechanical properties of the NFTC are described 
in terms of both the cycle number and fiber length. 
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7 Conclusions and Future Work 
Primary mechanical recycling of natural fiber reinforced polypropylene is studied and 
evaluated in this work. The experimental work studies different parameters, namely, 
the number of the reprocessing cycles of injection molding, fiber type, fiber form and 
fiber shape. The characterization covers the effect of previously mentioned 
parameters on various aspects (rheological, flowability, thermal and mechanical 
properties) of the composites. The main findings of this study are listed in the 
following points: 
7.1 Characterization of original compounds 
Addition of natural fibers to PP induces an increase in the melting temperature in 
comparison to the pure polymer matrix. On the other side, the recrystallization 
temperature of the compounds is 2-3°C lower than that of PP. This indicates that 
addition of fiber (regardless of its type) enhances nucleation and crystal growth. 
Thus, leads to the increase of viscosity, decrease of spiral flowability and the 
increase of water absorption. Hemp composite has lower viscosity due to the fiber 
branching which induces agglomeration at least in the first compound form before 
recycling. 
Decomposition of natural fibers is not affected by the host polypropylene matrix.  
All decomposition products of the pure fibers (Carbohydrates, water, carbon dioxide 
and acetic acid) are detected in the mass spectra of PP-H and PP-S.  
Sisal fibers prove a narrower distribution for both length and diameter measurements 
in comparison to hemp fibers. In addition, considering sisal nature being stiffer than 
hemp and larger in size reflects on both mechanical and rheological behavior of its 
compound compared to hemp. 
In contradiction to the viscosity results, PP-H which has the lowest viscosity shows 
less ability to flow in the spiral mold than the PP-S with the higher viscosity. This is 
attributed to the branching and tangling of hemp fibers which leads to the domination 
of the matrix viscosity. 
7.2 Potential of recycled NFTC 
7.2.1 Mechanical properties 
The main concern about recycling the polymer composites is the drop of the 
mechanical properties because of the scissions in the molecular chains. However, 
both E-modulus and tensile strength attained their levels at the first two cycles and 
then they decreased 7 and 10% respectively after eight cycles.  
Reprocessing of the data collected from the recycled composite and PP shows that 
the composite mechanical properties (E-modulus, tensile strength, impact strength 
and elongation) improve gradually till a certain cycle before decreasing again.  
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The maximum improvement is dependent on the mechanical property under 
investigation. For example, E-modulus and tensile strength maximize at the second 
cycle, while the impact strength maximizes at the third cycle and further, the 
elongation maximizes after six cycles. 
This improvement after two cycles is attributed to the increased efficiency of coupling 
between the newly developed surface areas of the reinforcing fibers and PP. The 
new areas are generated because of the fibrillation during recycling. 
7.2.2 Flowability properties 
Flowability increased by recycling with different modes. First a critical level of material 
homogeneity is needed to impart improvement in flowability. This mode takes place 
in PP-H because of the fiber shape. Second mode, a rapid improvement in flowability 
is observed. Third mode takes place starting at the third or fourth cycles where the 
flowability improvement is dominated by PP. 
Fibers affected the flowability of the composite negatively in comparison to the 
flowability of the pure PP. Flowability values of both types of NFTC at any cycle are 
less than that of the flowability of PP by 15-25% depending on the fiber type and the 
cycle number. 
Fiber shape plays a very important role in the flowability of composite during injection 
molding. Straight stiff fibers of sisal have better flowability values than that of hemp 
reinforced PP. 
7.2.3 Rheological properties 
Viscosity of PP increased from 4300 Pa.s to eight times by adding 30% sisal (32400 
Pa.s) and much more in case of 30% hemp (845000 Pa.s). The viscosity decreases 
significantly by increasing the shear rate (100 1/s), so that PP-S has close viscosity 
to PP (192 Pa.s) whereas PP-H is just 50% more than that of PP (343 Pa.s). 
Recycling results in decreasing the viscosity. However, PP-H, filled with hemp, 
increased its viscosity after two cycles before it starts to decrease as other 
composites and PP. This sudden increase in viscosity of PP-H is attributed to the 
branched fibers which results in agglomerating fibers without coupling with PP. 
Therefore, the viscosity at this stage is dominated by the matrix PP. Recycling 
enhances the coupling and hence the viscosity increases. This is not the case of sisal 
reinforced PP because sisal fibers are straight fibers without branching. 
7.2.4 Thermal properties 
The composites are subjected to thermal and thermo-mechanical tests, namely, 
TGA, DSC and DMA. Hot stage and microscopic investigations are also used to 
validate theories about crystal formation. In comparison to PP-S, PP-H shows less 
sensitivity to recycling regarding the thermal properties. TGA curve of PP-H does not 
change significantly till the fifth cycle. TGA of PP-S changes obviously from one cycle 
to another. 
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There are two opposite trends for the change of the peak temperatures under the 
recycling effect. The first and the second peaks in sisal reinforced PP show that the 
peaks slightly decrease from 297 to 295°C and 358 to 354°C respectively. On the 
other hand, the third stage shows an increasing trend of peak temperature from 435 
to 459°C. 
The overall improvement of thermal stability is attributed to the newly generated 
surfaces during recycling and hence more coupling between PP and fibers is 
attained. Recycling gives chance for more number of carbonyl groups to share in 
coupling the hydroxyl group with the PP matrix by the help of the grafting agent and 
consequently the decomposition temperature of the compound is delayed. 
DSC results show that addition of fibers to PP decrease the melting point of the 
composite. DSC results go along with the mechanical and TGA results. The 
measured melting points increased after recycling almost 4°C after 3 cycles before 
they started to decrease again. 
Normalized enthalpies of composites are close to PP melting enthalpy till the sixth 
cycle. Afterwards, the melting enthalpies of the compounds are more than the original 
PP. This excess of enthalpy, after the sixth cycle, is interpreted by the volatilization of 
some fiber constituents after six cycles and hence PP share is increased. 
Additionally, the newly generated coupling surfaces in the last cycles require also an 
increase in melt enthalpy. Crystallization enthalpy increased by recycling in case of 
the compounds PP-S and PP-H. Oppositely, recycling of PP does not prove such 
obvious change in crystallization temperature. 
Degree of crystallinity increases by recycling especially at the last cycles due to the 
presence of shorter spliced fibers in addition to the lower molar mass of PP. PP-S 
and PP-H have higher crystallinity degrees in comparison with PP because fibers 
help in nucleating crystals. The crystallinity degree of PP-H is relatively higher than 
that of PP-S because it has more surface areas susceptible for crystal nucleation.  
A proposal is assumed to describe the factors affecting the crystallinity during 
recycling. Fibrillation helps in increasing compounds’ crystallinity. Simultaneously, 
smaller crystals are expected to be formed because of the shorter polymer chains 
during recycling.  
DMA results of sisal reinforced PP highlight the increased storage modulus by 
recycling as result of the restriction to the segmental motion of the molecular chains. 
This statement is confirmed by the higher Tg of the recycled samples. Loss modulus 
E’’ as well as tan  decrease after the first cycle then they increase again.  
The loss factor, tan, does not change linearly with respect to the cycle number. It 
drops after the first cycle then starting from the fourth cycle, the loss factor increases 
again indicating the stiffening of the matrix. 
Effect of recycling on DMA appears remarkably between the original material and 
after being recycled eight cycles. In case of the original material, the ascending 
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ranking of the storage and loss moduli is [PP, PP-S, PP-H]. While after eight cycles, 
PP-H behavior is too close to PP and the ranking became [PP, PP-H, PP-S]. This 
means that the reinforcing efficiency of hemp fibers is severely inhibited after eight 
cycles of reprocessing. 
The activation energies of all investigated materials are measured and it is found out 
that it is reduced in case of the composites. PP has the highest activation energy in 
the alpha transition, whereas the difference is not so significant in the beta transition. 
Similarly, modulus of retention ratio and its modification are calculated. PP-S has 
higher efficiency in reinforcing the composite after structure transition.  
7.2.5 Fiber size measurement 
Fiber measurement (length and diameter) and hence the calculation of fiber aspect 
ratio validates the assumed effect of fiber shape on the flowability of the injection 
molded samples. Finally, empirical relations are established to describe the 
composite mechanical properties as well as flowability as function of fiber aspect 
ratio. 
7.3 Summary 
The development of selected important characteristics of the recycled compounds in 
comparison to PP matrix is summarized in the spider chart shown in Figure ‎7-1. This 
chart serves as a “one-glance summary” for the selected key properties. 
For comparison and illustration purposes, the specific values are calculated for each 
group (PP, PP-S, PP-H for C0 and C4) w.r.t. the maximum value. Since pure PP 
matrix is not reinforced with fibers, the aspect ratio for PP-C0 and PP-C4 are 
considered 0. 
 
Figure ‎7-1: Summary of selected properties   
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7.4 Future work 
This work portrays the potential of NFTC from the recycling point of view where 
certain compound mechanical properties are enhanced after applying primary 
mechanical recycling. Recycling of NFTC is limited to products having certain fiber 
type and fiber content in addition to specific polymer trademarks and coupling agents. 
This leads to the question: ‘’What are the required precautions in case of dealing with 
non-specific materials as will be the case in the real practice?’’ 
With this regard, the experimental work in the future should be expanded to study the 
recycling of consumed products (out of the manufacturer premises). The problem in 
dealing with consumed products lies in the uncertainties of the materials undergoing 
recycling. Therefore, certain procedures are needed to define the material 
composition. The solution suggests different approaches to characterize the 
materials before recycling namely: classification, purification and transformation to 
polymer and fiber with certain properties purification [Al-10a], [Bai11].  
Classification means sorting (visual, density measurement, centrifugal…). Visual 
sorting deals with several aspects, for example: 
 Sorting of packages with known producer indicating certain material, 
 Sorting of products with respect to transparency or color change due to UV effect 
and stabilizer’s damage.  
 
There are also other classification methods such as: 
 
 Thermal tests to check the homogeneity of polymer molecular weight, degree of 
contamination, fiber constituents by mass spectrometry (Technical limitations 
such as spectral coverage and spectral resolution of the detectors are to be 
considered) 
 Physical flowability test 
 Fiber content by dissolving the polymer or by any other indirect method such as 
ultrasonic (UT) 
 Mechanical testing of molded samples 
 Microscopy to check the fiber shape  
 
Transformation means the exclusion of certain polymers by purification or the break-
up of matrix to certain molecular weight range and fibers to certain length. Solvents 
like toluene and petroleum ether [Had12] are implemented to dissolve polymers. In 
case of NFTC, purification is limited to polymers of low melting temperature because 
natural fibers thermally decompose at elevated temperatures. In the same context, 
pyrolysis is not acceptable for NFTC unless the waste composite contains a mixture 
of natural and synthetic fibers and only the synthetic fibers are targeted for recovery. 
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A flowchart, shown in Figure ‎7-2, displays the protocol required to define the waste 
materials undergoing recycling process. 
 
 
Figure ‎7-2:  Suggested approaches for consumer products before recycling  
 
Based on the results of the current study, it cannot be guaranteed that the waste 
consumer product has passed just one cycle or more than ten cycles. So, the 
schematic shown in Figure ‎7-3 suggests an adequate protocol to follow with 
consumer products. As in Figure ‎7-3, using some of the classification tests, 
consumer products could be allocated. However, this is not sufficient since other 
measures like colorants, stabilizers and anti-oxidants addition have to be considered. 
 
Figure ‎7-3: Suggested protocol to allocate the consumer products before recycling
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Appendix 
Table A-1. DSC results for PP at different cycle numbers 
PP 1st heat 
cycle 
Cool cycle 2nd heat 
cycle 
1st heat 
cycle 
Cool cycle 2nd heat 
cycle 
Cycle Melting 
temperature 
Crystallization 
temperature 
Melting 
temperature 
Melting 
enthalpy 
Crystallization 
enthalpy 
Melting 
enthalpy 
# [°C] [°C] [°C] [J/g] [J/g] [J/g] 
0 166.48 123.30 161.8 61.26 71.60 62.40 
1 167.87 124.33 162.65 59.28 67.52 64.82 
2 166.90 125.90 163.30 58.63 69.70 66.02 
3 167.01 125.71 163.60 54.01 68.50 64.01 
4 167.22 125.46 164.20 49.18 67.32 62.16 
5 168.03 125.69 164.80 50.93 70.43 62.30 
6 166.67 126.20 164.06 64.30 80.25 72.61 
7 166.70 126.61 164.02 68.01 80.70 75.02 
8 166.80 127.04 163.80 72.64 81.40 79.20 
 
Table A-3. DSC results for PP-S at different cycle numbers 
PP-S 1st heat 
cycle 
Cool cycle 2nd heat 
cycle 
1st heat 
cycle 
Cool cycle 2nd heat 
cycle 
Cycle Melting 
temperature 
Crystallization 
temperature 
Melting 
temperature 
Melting 
enthalpy 
Crystallization 
enthalpy 
Melting 
enthalpy 
# [°C] [°C] [°C] [J/g] [J/g] [J/g] 
0 168.59 121.36 162.26 41.15 51.01 48.14 
1 166.69 121.18 163.24 44.07 48.37 46.81 
2 161.90 123.25 161.90 46.28 48.96 45.47 
3 162.65 123.47 162.65 41.03 50.05 45.94 
4 162.75 123.74 162.90 39.29 46.68 49.01 
5 163.24 123.12 163.20 40.82 49.71 51.93 
6 163.07 123.38 163.07 47.8 50.67 45.74 
7 161.07 122.17 161.07 69.52 68.62 69.28 
8 161.24 122.49 161.24 84.17 77.74 74.21 
Appendix 
 
135 
Table A-4. DSC results for PP-H at different cycle numbers 
PP-H 1st heat 
cycle 
Cool cycle 2nd heat 
cycle 
1st heat 
cycle 
Cool cycle 2nd heat 
cycle 
Cycle Melting 
temperature 
Crystallizatio
n temperature 
Melting 
temperature 
Melting 
enthalpy 
Crystallizatio
n enthalpy 
Melting 
enthalpy 
# [°C] [°C] [°C] [J/g] [J/g] [J/g] 
0 165.45 120.50 163.27 42.25 57.61 52.08 
1 167.18 119.90 164.90 55.74 58.73 53.88 
2 164.54 122.63 164.50 56.68 52.93 50.21 
3 164.02 123.90 163.95 57.02 54.03 52.71 
4 165.34 123.79 165.30 41.22 54.79 52.44 
5 164.93 123.84 164.93 44.89 58.28 50.03 
6 163.98 124.27 163.98 54.79 54.04 50.67 
7 162.05 121.67 162.05 75.67 78.38 73.18 
8 161.36 121.55 161.50 64.01 77.04 77.02 
 
Table A-5. DSC results for PP/30% Sisal at different cycle numbers 
PP/30% 
Sisal 
1st heat 
cycle 
Cool cycle 2nd heat 
cycle 
1st heat 
cycle 
Cool cycle 2nd heat 
cycle 
Cycle Melting 
temperature 
Crystallizatio
n 
temperature 
Melting 
temperature 
Melting 
enthalpy 
Crystallizatio
n enthalpy 
Melting 
enthalpy 
# [°C] [°C] [°C] [J/g] [J/g] [J/g] 
0 165.45 119.97 161.18 63.07 66.23 63.07 
1 165.95 112.31 158.76 69.70 66.25 58.10 
2 166.27 113.14 157.64 59.38 65.67 57.25 
3 165.81 113.97 157.99 60.19 66.5 62.82 
4 165.57 114.76 157.82 67.17 68.88 61.82 
5 164.45 116.85 158.09 72.20 70.83 68.01 
6 165.46 114.51 158.19 68.2 66.34 67.18 
7 165.26 117.16 159.15 64.73 70.32 69.55 
8 164.00 115.70 158.01 67.19 70.99 65.07 
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Table A-6: Results of the mechanical testing on PP and PP/30% Sisal 
Cycle 
number 
E-modulus 
[MPa] 
Tensile strength 
[MPa] 
Elongation at break 
[%] 
Impact strength 
[kJ/m²] 
 PP PP/Sisal PP PP/Sisal PP PP/Sisal PP PP/Sisal 
0 1334 3033 29.0 40.0 7.9 3.5 33 10.7 
1 1227 3043 26.7 39.6 7.0 3.4 29.2562 11.8 
2 1152 3076 26.7 38.9 7.4 3.6 30.4959 12.5 
3 1174 3062 26.3 38.5 7.3 4.0 30.0826 12.9 
4 1220 2962 26.6 37.0 6.7 3.8 30.5785 12.0 
5 1214 2954 26.9 36.7 6.7 3.9 29.9174 11.5 
6 1208 2919 26.4 36.7 6.8 4.0 29.9174 11.9 
7 1208 2952 26.7 35.2 6.8 3.8 30.4132 10.6 
8 1203 2914 26.6 35.9 6.9 3.9 29.8347 11.2 
 
Table A-7: Relative properties of PP/Sisal w.r.t. PP 
Cycle 
number 
Relative E-
modulus 
𝝈𝑷𝑷/𝑺𝒊𝒔𝒂𝒍
𝝈𝑷𝑷
 
Relative 
tensile 
strength 
𝝈𝑷𝑷/𝑺𝒊𝒔𝒂𝒍
𝝈𝑷𝑷
 
Relative elongation 
at break 
𝑬𝒍𝒐𝒏𝒈𝒂𝒕𝒊𝒐𝒏𝑷𝑷/𝑺𝒊𝒔𝒂𝒍
𝑬𝒍𝒐𝒏𝒈𝒂𝒕𝒊𝒐𝒏𝑷𝑷
 
Relative impact 
strength 
𝑰𝒎𝒑𝒂𝒄𝒕 𝒔𝒕𝒓𝒆𝒏𝒈𝒕𝒉𝑷𝑷/𝑺𝒊𝒔𝒂𝒍
𝑰𝒎𝒑𝒂𝒄𝒕 𝒔𝒕𝒓𝒆𝒏𝒈𝒕𝒉𝑷𝑷
 
0 2.27 1.38 0.44 0.32 
1 2.48 1.48 0.49 0.40 
2 2.67 1.46 0.48 0.41 
3 2.61 1.46 0.54 0.43 
4 2.43 1.39 0.57 0.39 
5 2.43 1.36 0.58 0.38 
6 2.42 1.39 0.58 0.40 
7 2.44 1.32 0.55 0.35 
8 2.42 1.35 0.56 0.38 
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Table A-8: Normalized relative properties of Table ‎5-5 w.r.t. the values of cycle 0 
Cycle 
number 
Normalized relative 
E-modulus 
[%] 
 
Normalized 
relative tensile 
strength 
[%] 
 
Normalized 
relative 
elongation [%] 
 
Normalized relative 
impact strength 
[%] 
0 0.00 0.00 0.00 0.00 
1 9.03 7.63 11.43 25.04 
2 17.44 5.67 8.47 26.88 
3 14.67 5.94 22.42 32.73 
4 6.82 1.07 28.55 21.30 
5 7.02 -1.18 30.60 18.85 
6 6.23 0.67 31.24 23.13 
7 7.44 -4.33 25.18 7.66 
8 6.56 -1.99 25.80 16.61 
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Figure ‎A-1:  Arrhenius formula presentation for PP/ β transition at different cycle number taken from 
frequencies 0.5, 1.0, 2.5 and 10 Hz. 
 
 
Figure ‎A-2:  Arrhenius formula presentation for PP-S/ β transition at different cycle number taken from 
frequencies 0.5, 1.0, 2.5 and 10 Hz. 
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Figure ‎A-3:  Arrhenius formula presentation for PP-H/ β transition at different cycle number taken from 
frequencies 0.5, 1.0, 2.5 and 10 Hz. 
 
Figure ‎A-4:  Arrhenius formula presentation for PP/ α transition at different cycle number taken from 
frequencies 0.5, 1.0, 2.5 and 10 Hz.  
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Figure A-5:  Arrhenius formula presentation for PP-S/ α transition at different cycle number taken from 
frequencies 0.5, 1.0, 2.5 and 10 Hz. 
 
Figure A-6:  Arrhenius formula presentation for PP-H/ α transition at different cycle number taken from 
frequencies 0.5, 1.0, 2.5 and 10 Hz. 
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Figure ‎A-7: Completed mass spectra of original Hemp fibers (left) and PP-H (right) also in appendix 
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Figure ‎A-8: Completed mass spectra of original Sisal fibers (left) and PP-S (right) 
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Publications 
Co-authored Book Chapter 
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